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Introduction .

This report, the seventy-second in a
series of quarterly progress reports issued
by the Research Laboratory of Electronics,
contains a review of the research activities
of the Liaboratory for the three-month period
ending November 30, 1963. Since this is a
report on work in progress, some of the
results may not be final.

Following our custom of the past several
years, in this issue of January 15, 1964 we
preface the report of each research group
with a statement of the objectives of the
group. These summaries of our aims are
presented in an effort to give perspective to
the detailed reports of this and ensuing
quarters.
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I. MOLECULAR BEAMS"

Prof. J. R. Zacharias R. S. Badessa S. G. Kukolich

Prof. J. G. King V. J. Bates F. J. O'Brien

Prof. C. L. Searle R. Golub R. W. Simon

Prof. K. W. Billman G. L. Guttrich C. O. Thornburg, Jr.
W. D. Johnston, Jr.

RESEARCH OBJECTIVES

Three kinds of research are pursued in the molecular beams group:

1. High-precision studies of atomic and molecular radiofrequency spectra, an
example being the study of the rotational spectrum of HF.

2. The development and intercomparison of atomic frequency standards. The two-
cavity ammonia maser and the ammonia molecule decelerator are examples. The CS
electric resonance studies mentioned in our "Research Objectives" in Quarterly Progress
Report No. 68 (page 25) have been abandoned, because of insufficient signal-to-noise
ratio. Work is also being done to determine the system properties of a cesium beam
tube, and to develop complementary electronics to realize its latent frequency stability.
These new clocks and others of different types will be intercompared by using the com-
puter facilities at M.1. T. in order to check for possible variations in rate with epoch.

3. Experiments that apply parts of these techniques to interesting problems in any
area of physics, as in the following list:

(a) measurement of the velocity of light in terms of atomic standards,

{b) search for a charge carried by molecules,

(c) an experiment on an aspect of continuous creation.

These problems are well advanced. In an earlier phase are the following experiments:
(d) the velocity distribution of He atoms from liquid He,
(e) experiments with slow electrons (10_6 ev).

J. R. Zacharias, J. G. King, C. L. Searle

A. CESIUM BEAM TUBE INVESTIGATION

In Quarterly Progress Report No. 70 (pp. 59-60) it was reported that measurements
made on two atomic clocks (incorporating Type 1001 cesium beam tubes) showed that the
frequency stability falls far short of the results that might be expected on the basis of the
tests of the electronic apparatus described in Quarterly Progress Report No. 69 (pp. 17-
21). It was suggested that the instability was caused by a component that would not influ-
ence the results of these electronic tests such as faults in the beam tubes themselves or
in the modulators used to frequency-modulate the X-band excitation signal. Since plans
had already begn made to replace the Type 1001 beam tubes by the improved Type 2001,
investigation during the past quarter has been confined to a detailed study of the modula-
tors and the errors that they might introduce. The results of this study not only indicate
that distortion was being introduced by this particular modulator design, but also showed
that a modulator capable of maintaining the low distortion required in this application for
long periods of time would be difficult to realize in a practical design.

*This work was supported in part by Purchase Order DDL BB-107 with Lincoln
Laboratory, a center for research operated by Massachusetts Institute of Technology,
with the support of the U.S. Air Force under Contract AF 19(628)-500.

—
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(I. MOLECULAR BEAMS)

Because square-wave phase modulation can be generated easily with low distortion,
we are now studying the properties of systems that have modulation of this type. We
have termed it "Frequency Impulse Modulation" to avoid confusion with the square-wave
frequency-modulation system that we have been describing in recent quarterly reports.
Whereas for square-wave frequency modulation we utilized gating in an attempt to mini-
mize certain undesirable characteristics of the beam-tube transients, the new method
of modulation provides a method for removing the basic cause of these undesirable
characteristics. In so doing it causes the output frequency of the atomic clock to depend
to a greater extent upon the cesium atom itself, thereby achieving accuracy, as well as
stability. Specifically, frequency impulse modulation provides a means for detecting
the existence of a cavity error 6 by observing the beam-tube output while it is in actual
operation as a frequency-stabilization device. It therefore permits continuous instru-
mentation to correct for this error.

The approximate transition probability of a beam tube with separated oscillating

fields in the vicinity of resonance is given by

(w =)L
_ .2 2bg 2_"o
Pp,q = sin —vn» cos —Zvn , (1)

where Wy (hereafter called the "true" cesium frequency) is the frequency of the Cs133

hyperfine transition (4,0-3,0) for the magnetic field that is being used, £ is the length
of each of the microwave exciting cavities, L is the distance between the two cavities,
b is proportional to the RF amplitude, and Vo is the particle velocity.

We have assumed in this equation that the oscillating fields in the two cavities are
exactly in phase, a condition that in practice is hard to achieve. If the two cavities are
out of phase by an angle 8, then the frequency-dependent part of the beam-tube output

in the vicinity of resonance can be expressed as

@o -w)L
Vo = A (vn) cos —Vn— + 0 (2)
= A'(vn) cos (a+0), (3)
where
w. -w)L
v
n

Note that the quantities ¢ and 6 are identical as far as their effect upon the output is con-
cerned. The peak output is not obtained at cesium frequency, but at the frequency for

which e = -8, If we plot the output voltage from Eq. 2 as a function of (wo—w), the cosine

van evn
I and a central peak at a frequency (uo—w)= b ot

function would have a period Aw =

Since these quantities are both functions of particle velocity, summation of a family of
these curves to represent the effect of a velocity distribution would be the summation

QPR No. 72 2




(. MOLECULAR BEAMS)

of a group of cosine functions that differ

l%%;,,.g both in period and position. The result is

the familiar Ramsey pattern that, for 6 =

m 0, would be symmetrical about the cesium
MODULATCR PHASE )

frequency (mo—w) =0.
Let us first consider the case of a

OUTPUT SIGNAL monovelocity beam with rf excitation at the

cesium frequency and no cavity phase error
(that is, e=0, 6=0). The operating point

Fig. I-1. Monovelocity (v,), (w,w) = will be at the exact peak of the cosine func-

SR tion as shown by position X | in Fig. I-1.
If we then apply an abrupt step of phase to the rf excitation, the atoms that had left the
first cavity before the phase step, on entering the second cavity, see a phase offset equal
to this step. The result will be a sudden drop of the operating point to a lower point on
the cosine function, say, to position X1 (shown for a 90° step). If we maintain this new
phase, P undisturbed, the operating point will remain for a while at position Xl' then
return abruptly to the steady-state position Xo after all of the atoms that are present
between the two cavities at the time of the step have left the interaction space, that is,
after an interval L/vl. If we then apply a second phase step, thereby returning the radio
frequency to its original phase ¢ 0 the operating point will again drop to a lower point
on the cosine function, but this time on the opposite side of the peak. As before, if we
maintain this phase undisturbed, the operating point will drop back abruptly to the posi-
tion on the peak after an interval equal to the transit time between the cavities. This is
shown by the waveforms of Fig. I-1. If the phase steps (or frequency impulses) are gen-
erated by a square wave, the output waveform will consist of a series of identical rec-
tangular pulses occurring at twice the rate of the modulation. Hence no odd harmonics
of the modulating rate would exist.

@,
MODULATOR PHASE |— < Ly =@ 2
o MODULATOR PHASE —<— L —mp— o
= O —
iy L L
OUTPUT SIGNAL L vy t OUTPUT SIGNAL 0 N '
o £ £

Fig. 1-2. Monovelocity (vl), (uo—w) = Fig. I-3. Monovelocity (Vl)' (uo—w) =
L1 vl 11.
?r,e=o, -eL,e;éo.
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(I. MOLECULAR BEAMS)

If the rf excitation frequency is now changed so that (wo-w) =%‘;—_‘1-, the output waveform
will consist of a series of alternating negative and positive rectangular pulses as shown
in Fig. I-2. Such a waveform contains odd harmonics of the modulating signal (including
a strong fundamental) which could be used as a control quantity by passing the output sig-
nal through a synchronous detector. If we had chosen to operate at a frequency located

X
N2/ at e
\VALVA
Sh
MODULATOR PHASE —Jf_T;————Jl— ®
— &
_L_ .!'..
OUTRUT SIGNAL V2 o C‘zJ '

Fig. I-4. Monovelocity (vz), (wo-w) =

v
1
GL,

6#0.,
on the other side of cesium resonance, the output waveform would be the exact negative
of the one shown and thus would also provide sense information.
Next, let us assume: that there is a cavity tuning error 6, and that the frequency of
ov

Tl, that is, ¢ = -8, Under these conditions, the

steady-state operating point is again at the exact peak of the cosine function, as shown

the rf excitation is such that (wo-u)) = -

in Fig. I-3. Square-wave phase modulation produces here an output waveform that is

% ®
—ct @
x?
%

MODULATOR PHASE —-C’L'—— @
S
L L
QUTPUT SIGNAL | Vl V‘I t
L L
o v,
OUTPUT SIGNAL 2 Vz u +
‘___TI_I__-SVNCNIONOUS DETECTOR
| WAVEFORM  |——
COMPOSITE QUTPUT 1 '
SIGNAL | AI AZ
[}
L_——d F"‘TFIJ
evl v
Fig. 1-5. Dual velocity, - L < (wo—w) <1

8 #0.
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free of odd harmonics of the modulating frequency, and hence, in the absence of knowl-
edge regarding the existence of cavity error, would give the erroneous information that
the excitation was at cesium frequency.

If, however, we assume a different velocity, Vo, but maintain the same rf excitation
ov
frequency (mo—u) = -—LL, then the operating point will fall to one side of the peak as

shown in Fig. I-4. It is obvious that odd harmonics of the modulating rate exist in the
output waveform. Thus a frequency-stabilization loop would call for correction of the
rf excitation frequency.

If the beam tube has particles of both vy and v,, then the loop must find some com-
promise condition, for example, such as the one illustrated in Fig. I-5, in which the
operating points corresponding to vy have been circled for clarity. The condition of lock
requires that the operating points be placed so that the corresponding output waveform
gives zero average voltage when applied to the loop synchronous detector, If the syn-
chronous detector reference is positioned as shown by the dotted line in Fig. I-5,
this imposes the condition that area Al = area AZ' By geometrical procedures, it can
be shown that stabilization for the case illustrated in Fig. I-5 will occur at the frequency
(wo—w) which satisfies the relationship

1 T L 1 _. L
—sin |(w -m)—+9] + — sin [(w -w)___+e]=0. (4)
vy |_ o v, v, o v,
ev sz
By inspection, it is seen that (wo—m) must lie between -1 and -1 Thus the cavity

error 8 will still cause an inaccuracy to exist. If we extend the analysis to the general
case of n velocities, in which the relative density of particles of velocity v is denoted
Dn' we obtain

D .
n . L
Z-—-vn sin [(mo—m)——-vn + 9] = 0. (5)

Notice that no term involving the size of the phase step is present in this expression;
thus it appears that frequency impulse modulation causes the frequency of lock to be
independent of modulation level.

Of special interest in Fig. I-5 is the fact that the part of the output waveform asso-
ciated with the positive phase step is not identical in shape to that part associated with
the negative step. This indicates that odd harmonics are still present, even though the
condition area A1 = area A2 causes an average voltage of zero to occur at the output of
the synchronous detector. Thus as we tune the rf excitation through resonance, the odd
harmonics will reach a minimum at some frequency, but will not go to zero as long as
there is a cavity error 6. The synchronous detector output voiltage, on the other hand,
will go through zero whenever the areas enclosed by its positive and negative half-

periods are equal.
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(I. MOLECULAR BEAMS)

The consequences of having odd harmonics in the output waveform that merely go
through a minimum as a function of the rf excitation frequency are twofold. First, it
causes the position of lock of the loop to become dependent upon the phase of the syn-
chronous detector reference. This is evident from Fig. I-5, for, since A1 and A2 have
different shapes, a choice of synchronous detector reference slightly to the right of the
one shown would cause somewhat different areas to be enclosed, and would make the

loop call for correction. Second, the existence of these residual odd harmonics gives

OurPuT

CAVITY
BEAM TUBE
SIGNAL CORRECTION

Fig. I-6. Double-loop servo system for
e oos locking to true cesium fre-
' YNCHR ONOU!

DETECTOR quency'

|

FREQUENCY
CORRECTION

SIGNAL

SYNCHRONOUS
DETECTOR

JAODULATION
SOURCE

valuable evidence that the cavity is, indeed, out of adjustment, and permits us to take
measures to correct it, thereby eliminating both the dependence of lock upon the position
of the synchronous detector reference and the error caused by having a detuned cavity.

A double-loop system for accomplishing this might take the form shown in Fig. I-6. One
loop is used for tuning the rf excitation and is essentially the conventional loop used for
frequency stabilization. Its synchronous detector reference could be in phase with the
modulating signal. The second loop is used for trimming the phase of the cavities and
has a synchronous detector reference delayed somewhat from the first. Some interaction
between the two loops will occur, but the final point of stabilization will be at a frequency
and a cavity tuning for which the average voltage from both synchronous detectors is
zero. This, however, can only occur when successive half-periods of the output wave-
form are identical, a condition that occurs only at cesium frequency with perfectly tuned
cavities.

What we have said regarding the undesirability of residual odd harmonics is true for
all stabilization loops, regardless of the type of modulation used. In sinusocidal mod-
ulation (for which the effect is termed "quadrature"), as well as in other types, it is
characterized by output waveforms with minute differences of shape between successive
half-periods. In the past the cause of this difference has often been the distortion in the
waveform of the phase modulation of the rf excitation, a distortion that might be so low
that it defies direct measurement and still be significant enough to completely override
the contribution caused by moderate cavity detuning. Since the waveforms used in
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frequency impulse modulation are of a type that are easily obtainable to meet virtually
any distortion specification (the phase modulator, for example, operates at essentially
two discrete points on its characteristic), the presence of any "quadrature" effect can
safely be assumed to result from the action of the beam tube itself.

The most significant advantages of frequency impulse modulation will now be sum-
marized.

1. Frequency impulse modulation produces waveforms that are conducive to
extremely low modulation distortion. This permits using the presence of residual odd
harmonics as a guide for correcting cavity phase error and achieving lock to the true
cesium {requency.

2. The stabilization frequency of a loop with frequency impulse modulation is inde-
pendent of modulation level, even when the presence of uncorrected cavity error pro-
duces a Rainsey pattern that is unsymmetrical.

3. Since frequency impulse modulation derives all of its information from obser-
vation of the effect of applying phase steps to the RF excitation, the period of repetition
of these steps need be no longer than that required to accommodate the resultant transi-
ents. This tends to yield high permissible modulation rates, which is a desirable fea-
ture from a practical standpoint, particularly when long beam tubes are used.

Two atomic clocks incorporating Type 2001 cesium beam tubes have been assembled
with control loops for which frequency impulse modulation is used. Since no provision
exists in these beam tubes for electronic correction of cavity tuning, a system of wave-
form correction has been devised which is based on the principles outlined above and
has been incorporated in a control loop to serve as a temporary substitute for the cavity
correction loop. The measurements that we have made are preliminary, but they seem
to confirm the desirability of this type of modulation,

Examination of the data presented in Fig. I-7 shows a frequency stability somewhat
better than one part in 10lz for averaging times of approximately one hour. The first
test was made during one afternoon. After its completion, the clocks were shut down
until the following morning when they were restarted for the second test. The third
test was taken approximately 24 hours after the first. Care was taken to reset the C
field currents to the same level for each test, but an improved method for setting these
fields is under consideration for future measurements.

R. S. Badessa, V. J. Bates, C. L. Searle

B. AMMONIA MASER WITH SEPARATED OSCILLATING FIELDS

The 3-2 inversion transition in ammonia was observed by means of a molecular beam
maser with two microwave cavities separated by 36 cm. The resulting resonance shows
the typical Ramseyl shape with several peaks, the width of these peaks being determined

by the separation of the microwave cavities.
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This device is similar to the original ammonia maser2 in physical construction but
differs in that this device does not oscilalte spontaneously and the linewidth is much
narrower, since it depends on the separation of the microwave cavities, Using sepa-
rated cavities has the additional feature of greatly reducing Doppler effects that would
be encountered with a single long cavity. The two-cavity maser is shown in Fig. I-8.

Microwave power is injected into the first cavity, and a microwave receiver is con-
nected to the second cavity. Both cavities have open ends to that some of the microwave

. power from the first cavity is coupled
into the second cavity. The condi-
COLUMNATING tions are similar to those described

by Ramsey1 for resonance with

SOURCE
[ e—

separated oscillating fields, except

‘ FOCUSER _] l— j [_ that here the transition probability
CAVITY 1 CAVITY 2

is not measured by deflection of the
Fig, I-8. The maser- beam but by observing the additional

power delivered to the microwave

receiver by the ammonia molecules.

Feynman3 has shown that any ensemble of two level noninteracting systems may be
described by the equations of motion of the magnetic moment of a spin -é-particle in a
magnetic field. This allows us to use the analysis of the magnetic case by Ramseyl to
describe the interaction of the ammonia beam with the RF fields. For the ammonia beam
the only physical axis in the representation given above is the axis along which the beam
passes, since the oscillating electric field is in this direction.

If we use this description we see that the RF field in the first cavity produces an effect
that is analogous to rotating the moment by /2 about the RF field direction in magnetic
resonance. That is, the transition probability in the first cavity is nearly 1/2, and the
beam has a coherent oscillating electric polarization as it leaves the first cavity. In the
space between the cavities the RF field is very small (the Q of the cavities is 1200), so
that this polarization oscillates unperturbed at the ammonia inversion frequency. If the
frequency of the fields in both cavities resulting from the injected signal is very near
the inversion frequency, the oscillating polarization in the beam and the field in the
second cavity will be in phase as the beam passes through the second cavity. Conse-
quently, the field in the second cavity will increase the total transition probability and
hence also increase the power level in the second cavity, which is coupled to the micro-
wave receiver,

If the frequency of the RF fields in the cavities is slightly off the ammonia frequency,
the oscillating polarization in the beam will become progressively farther out of phase
with the RF power injected into the cavities as the beam passes from the first cavity to
the second. If this phase difference becomes zw, the RF field in the second cavity will

QPR No. 72 9



(. MOLECULAR BEAMS)

reduce the total transition probability and thus the beam will absorb power from the
second cavity. This condition will produce the first minima on either side of the main

resonance peak.

If the beam velocity is v and the cavity separation is L, the accumulated phase dif-
—,i,"— = -"L—Y or when Af =%—-£’7 . If the effects of the beam veloc-

ity distribution are properly taken into account, then Af ¥ 0. 6Lv— and other maxima

ference will be m when Aw =

are reduced with respect to the main pe:a.k.1
We may also note from this description that if the RF field in the second cavity is
phase-shifted by w with respect to the rf field in the first cavity, this will appear as

a frequency error of approximately Afo, the linewidth of the molecular resonance. Thus
S _ &

Af T W
o
One way of obtaining a phase shift §¢ is to detune the second cavity. Near the center
§f
of the cavity resonance this shift is 25¢ =A_fc , Where BfC is the cavity detuning, and af,
c

the width of the cavity resonance. Thus the shift of the observed resonance resulting from

5f
A&ff = GT‘P = EQ This effect is similar to the "cavity-pulling® formula
o c

. q 4 3 .
for a single-cavity maser "~ and also occurs in a conventional Ramsey molecular beam

cavity detuning is

apparatus.

In a thorough analysis of a two-cavity maser Basov and Oraevskii® have also sug-
gested that this experiment would be possible.

In our experiment the beam is produced by a crinkle-foil source. A four-pole elec-
tric field, 22 cm long, focuses the upper-state molecules into the cavities. The upper
inversion-state molecules then pass through two TM010 mode microwave cavities 10cm
long and separated by 36 cm. The frequency of the stimulating signal injected into
the first cavity is varied, and the power delivered by the second cavity to the micro-
wave receiver as a function of frequency is measured. The injected signal is frequency
modulated at 165 cps, and a phase-sensitive detector is used to obtain the first

Fig. I-9. Derivative of Ramsey resonance pattern
with /2 phase shift between the rf fields
in the cavities.
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derivative of the resonance. The first derivative of the resonance for n/2 phase differ-
ence between the cavities is shown in Fig. I-9.

The observed linewidth is approximately 1 kc, and the resonance pattern is the typi-
cal Ramsey curve. In a preliminary experiment the frequency of the ammonia 3-2
inversion line was measured with respect to a National 1001 cesium clock. The mea-
sured frequency is 22, 834, 184,850 + 100 cps. This is in agreement with 22, 834. 18 mc
obtained by Shimoda and Kom:lo.6 In this frequency measurement the output voltage from
the phase-sensitive detector was used as the error signal in a servo loop to control the
frequency of the microwave power injected into the first cavity. The resetability from
one day to the next was a few parts in 107. The principal source of this inaccuracy is
believed to be variations of the cavity temperatures, which are not yet sufficiently well
stabilized. Since the present cavities are silver, the variations in thermal tuning could
be sufficient to account for these deviations. The focuser voltage on this device was
changed from 12 kv to 24 kv and the frequency of the resonance changed by less than one
part in 108.

Since for larger cavity separation this device may have a very narrow linewidth, it
should be possible to construct a molecular resonance clock of useful stability.

S. G. Kukolich
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RESEARCH OBJECTIVES

Our major emphasis is now focused on studies of the metallic and semiconducting
states. This extremely broad area is one of current worldwide interest and investigation.
Our specialized interest lies in interactions within the electron "plasma" and between the
electron plasma and the lattice phonons. We now have considerable experience and facil-
ity in the generation and use of microwave phonons (coherent sound waves in the kilomeg-
acycle frequency range), and, in particular, sound-aitenuation measurements in metals
and superconductors will be an important activity. Other studies in the microwave fre-
quency range include surface impedance measurements (both phonon and electromagnetic
impedance) and investigation of phonon amplification mechanisms in semiconductors.
Related studies at optical frequencies in which a gas laser is used continue.

This program represents a continuation of the shift away from electron paramagnetic
resonance in crystals which was our major interest during the past several years. A
problem in paramagnetic cross relaxation which must be resolved before we can leave
this area of research is described in this report. Apparatus for paramagnetic resonance
measurements in solids and gases is still operative and is being used by our own per-
sonnel and by members of other laboratories.

M. W. P. Strandberg, R. L. Kyhl
A. ULTRASONIC ATTENUATION IN SUPERCONDUCTING METALS AT RADIO

AND MICROWAVE FREQUENCIES

This report is a summary of a Ph. D. thesis submitted to the Department of Physics,
M. L T., October 28, 1963.

Ultrasonic attenuation by conduction electrons in soft superconductors has been stud-
ied as a function of temperature, magnetic field, and frequency. A derivation is presented
of the electronic contribution to the ultrasonic attenuation coefficient e, of metals in the
normal state, which follows closely the kinetic approach of Pippa.rd1 except that quanti-
ties involving the product of the ultrasonic frequency w and the electronic mean-free
time v are not neglected. The same results as those obtained by Pippard are obtained
for all cases in which e, is sufficiently large to be observable. The quantum theory of
superconductivity is worked out in detail by following the original Bardeen-Cooper-
Schrieffer (BCS) derivation,2 except for the introduction of the improved mathematical
devices proposed by Bogolyubov3 and V:-).latin.4 In particular, the statistical operator of
Valatin serves to simplify the calculation of as/an which is worked out for the case in
which the phonon frequency is less than the superconducting energy gap. An analysis of

ultrasonic attenuation in superconductors in the intermediate state is presented, based

*This work was supported in part by Purchase Order DDL BB-107 with Lincoln Lab-
oratory, a center for research operated by Massachusetts Institute of Technology, with
the support of the U.S. Air Force under Contract AF 19(608)-500.
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upon the assumption of an average magnetization throughout the volume of the metal.
Particular attention has been paid to the phenomenon of supercooling; in this research a
modified form of the mathematical model of Faber5 was followed.

Experiments were carried out at 0.165 Ge, 0.910 Ge, and 9.17 Ge. Analysis of the
temperature-dependent data at 0.910 Gc indicates a close agreement with the BCS theory.
The magnetic-field dependence of the ultrasonic attenuation coefficient supports the con-
clusions of the theoretical treatment, thereby indicating an effective demagnetizing coef-
ficient of the sample that exhibits the proper orientation dependence, and yielding critical
field values whose temperature dependence is in close agreement with the data of other
investigators. The temperature dependence of the supercooling phenomenon exhibits the
same sort of behavior that is anticipated from theoretical considerations, and the con-
clusions regarding the size of the nucleation centers that trigger the phase transition are
numerically consistent with the values obtained by Faber, who employed a different
experimental method. The frequency dependence of e, agrees qualitatively with the pre-
diction of Pippard. It was not possible to observe ultrasonic attenuation at 9.17 Gc; this
is attributed to the fact that the sample faces were many wavelengths out of parallel at
this frequency. Recommendations for further research are offered.

J. M. Andrews, Jr.
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B. CROSS RELAXATION IN RUBY

In 1962, certain experimental paradoxes in our measurements of cross relaxation
in typical ruby maser crystals were reported.1

More accurate measurements have been made and have disclosed the nature of some
of the discrepancies. Our original results on 0.05 per cent ruby near 27° orientation,
4400 gauss, for which 2, 3, and 4 quantum levels (Chang-Siegman notation) are equally
spaced, are shown in Fig. II-1. These results are consistent with those of other experi-
menters, except for the presence of additional time constants as shown. At low temper-
atures and low chromium concentration, we have ’I‘2 < le < Tl; we are referring
to the time constants for spin-spin relaxation, cross relaxation, and spin-lattice relax-
ation, respectively. The effect of spin-spin relaxation was observable, although not
plotted in Fig. II-1. If we "burn a hole" in the inhomogeneously broadened ruby
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005% RUBY T, resonance lines with a magnetron pulse, the
HI (L[]

100 msec| oyt y hole fills in within a few microseconds, and
\ / we might assume that thermal equilibrium
is established within each energy level in a

omaser time of that order.
ok The new surprising result is that the cross
Imsect- 2 relaxation is not properly describable by a

time constant, but that equilibrium among
the three not quite equally spaced levels is

24
ol “1/2 . ..
3¢ 3 approached approximately as t with time.
I 2
[ " We must have a distribution of cross -relaxation
33° ORIENTATION

2
N
100usec-
Ly
a g
27'0RIENTATIO[N

10psec times. The crystals are of laser quality and
5000 4000 3000 . , . .

GAUSS show no evidence of inhomogeneous effects in

spin-lattice relaxation so that it does not seem

Fig. II-1. Relaxation time of ruby possible to ascribe the effect to inhomogeneity
3-4 transition near 30°

orientation. Frequency, in magnetic field or c-axis wander. Thus it

9 Ge. appears that the cross relaxation proceeds

between quantum levels that are not them-
selves in thermal equilibrium. It is true that one chromium site in the lattice differs
from another in the disposition of nearest neighbors and of aluminum nuclear spins,
but the observed microsecond time constant should average over the sites. Probably
we have an interesting example of nonergodic behavior. The resulting theoretical
puzzle is being analyzed.
R. L. Kyhl
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C. ENERGY CONSERVATION OF HYPERSONIC WAVES IN SEMICONDUCTORS

Amplification of sound waves in semiconductors through interactions with electrons
drifting under the influence of a D. C. electric field and having velocity vy greater than

e As a coupling

the velocity Vg of the sound wave was discovered some time ago.
mechanism one may either have piezoelectric coupling or deformation potential coupling.
Experiments have been successful on piezoelectric materials (CdS) at frequencies at

which it is possible to work at room temperature, that is, up to 600 Mc.3'4 For higher

frequencies it is necessary to work at liquid-helium temperature. The lack of
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piezoelectric semiconductors with appropriate conduction properties at these tempera-
tures makes it necessary to use the deformation potential coupling, which is much weaker
than the piezoelectric coupling, but becomes more important as the frequency increases.

Experiments at 9 Gec on n-type InSb of carrier concentration 1014 cm-3

performed in
our laboratory have not been successful thus far. We might mention, however, that
theoretically an amplification of 10 db/cm is expected at power densities described by

10 amp/20 mm2 and 10 volts/cm. We computed also that in GaAs (piezoelectric) ampli-
fication of 70 db/cm should be possible at slightly higher power densities. But we would

3). We do not know whether or not these are avail-

. 14 -
require very pure samples (10 ~ cm
able.

The coupling mechanism between a sound wave traveling in the z direction and

drifting electrons can be described one-dimensionally by the equations:
D =¢E + P
T=cS+F,

in which D is the electric induction, E the electric field, T the stress, S the strain,

€ the dielectric constant, and c the elastic constant. P is a (longitudinal) polarization
and F a stress on the lattice. P and F are the coupling terms and are related by energy
relations. It is known that in piezoelectric semiconductors P = eS and F = -eE, in
which e is the piezoelectric constant. A rather simple theoryz has been formulated for
this kind of coupling at lower frequencies. The deformation potential is described by
P = —-(Ce/q)(8S/92), in which C is a constant and q the electronic charge. We have
found that F has to be -(Ce/q)(8E/8z). This expression provides a theory for the
deformation potential which is analogous in formalism with one given by White2 for the
piezoelectric coupling. It leads to the important result that amplification through the
deformation potential coupling in a given material under given conditions is more impor-
tant than through piezoelectric coupling at w > Wop = vseq/eC, the ratio being (m/wcr)z.
For InSb this critical frequency should be <10 Ge, with e < 0.025 C/mz; for GaAs, pie-
zoelectric amplification is 25 times stronger at 10 Ge; for CdS, 3600 times.

In trying to derive an expression for F, we developed some energy conservation
principles, which may have some didactical value. If a sound wave travels through a
conducting crystal, the energy appears under different forms: electromagnetic energy,
acoustical energy of the lattice, kinetic energy of the electrons and heat (incoherent
acoustical energy of the lattice). We shall try to find the relations between these dif -
ferent forms of energy. We use the following notation: E, H, D, B, €, p, international
symbols for electromagnetic fields; J, current density; P, polarization; T, stress;

S, strain; c, elastic constant; F, coupling stress; v, velocity of the electrons; Vg
drift velocity of the electrons; u, velocity of the lattice; upe displacement of the lat-
tice; m,, effective mass of the carriers; q, electronic charge; p, resistivity or
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specific weight; N, carrier density; NO, density of donors; E_,, Fermi energy; f, den-

F
sity of particles per unit volume in position and velocity space; T, relaxation time. All

fields have a D. C. term and an A. C. term of the form exp j{wt-kz).
1. Electromagnetic Energy

We have D = €E + P. From curl E = -pdH/8t and curl H =:—t(€E+P) + J, after dot
multiplication with -H and E, respectively, we obtain in the usual manner

2
o (e? ™H 9P
~div (ExH) =2 \&E& s )+ g-2B, 5. E. (1
3T\ 2 z Bt

It can be shown that for sound waves the A. C. part of div (EXH) can be neglected.

2, Coherent Motion of the Lattice

For simplicity we treat the problem one-dimensionally. We have T =¢S + F. From
8T/0z = pd’up/8t?, with u =duy, /ot and S = du, /32, we obtain

@

2u_oT 8s _
Pat - Bz il ot -

o
N e

After multiplication with u and T, respectively, we obtain
8 (1, 2Y 8 (1 2} p85_ 3
2 (3eu?) + & (3es?) + P B =L . (2)
3. Kinetic Energy of the Electrons
Let us first give an introductory calculation based on the equation of motion.

v m, (v-u)

W=-gE-———, (3)

m

in which v is the average velocity of the electrons. We assume that r is independent
of the thermal velocity of the electrons. The assumption of completely inelastic scat-
tering is related to the assumption v « Vih This equation also assumes that the wave-
length is large compared with the mean-free path, since we have not taken an integral
of E over the trajectory of the particle. After taking the dot product with Nv = Nu +

N(v-u), we obtain

2
|

E

"

oWy oy (T
EJ-BNy-w? - 22 (L Nu)

u

E * J - p(J+Nuq)® + ’;1—3- (J+Nuq). (4)

We made use of the expression J = -Nqv, we omitted the index ¢ of m,, and we replaced
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m/N qz-r by the resistivity p. The left-hand side of this equation can be transformed
to a—t %mva) +V- (—Zl—mvav) by making use of the facts that v = v(r,t) and thus

dv/dt = (8v/dt) + v - (8/8r)v, that N = N(r,t), and that the continuity equation for the
number of particles is aN/at + V - (Nv) = 0. Equation 4 thus becomes

8 (12 2
% (zmv?N) + ¥ (zmvPNv) = E - - pa4Naw? + 22 (74Nqu). (5)

The interpretation of (5) is as follows: The rate of increase per unit time of the energy
density, plus the power flow from a unit volume, is balanced by the energy taken from
the electromagnetic energy minus the energy lost to the scattering centers in incoherent
and coherent form. The last term of the right-hand side of (5) can be understood by
writing it as u * Nm(v-u)/r, which is the product of the velocity of the scattering cen-
ters and the force exerted on them by the electrons.

Given Eq. 3, one can derive (5). Its interpretation is correct if v should be the real
velocity of the electrons, not its average. We therefore develop a more exact calcula-
tion based on the Boltzmann transport equation in the presence of the sound wave and
the D. C. electric field.

_+v-._.+-_-_=_, (6)

with f = f(r,v,t) = perturbed distribution,
fg = equilibrium distribution centered around the velocity of the scattering centers
and adapted to the local electron density given by
fg = fo[v—u(r,t), EF(r,t)].
We now define
electron density, N = [f a3y
current density, J = —quv d3v =-Nvq
pressure tensor of electron gas, P= [ mvve d3v.
After integration of (6) over v-space, we get

g+V'(NV)=N;N=O. (7

We have assumed that T and the force (-qE/m) are velocity-independent. After mul-

tiplication of (6) with v and integration over v-space, we get

qE Nu + J/q

Z-(NT) + VB e — (-N) @)

We made use of

QPR No. 72 18



(II. MICROWAVE SPECTROSCOPY)

o (fv. ov.
(VJ) v

3 ) I3
——vdv=E. d”v - E, f—dv
i Bvi i é)vi

=0-E, gfé.. adv = -E.N.
1 1) )

We shall now transform and linearize Eq. 8 in the perturbat].on The 1ndex 0 will indi-
cate the unperturbed quantities. We assume that ffv d v =—f fv d v for i=1, 2, 3,
and that [ fvivj d3v =0 for i# j. This implies that tp_e electron gas cannot exert shear
stresses; we also have neglected VZ with respect to vz, which is a second-order error.
If we assume that this average ) fv2 d3v is only dependent on the local position of the

Fermi level, and not on other properties of the perturbation, we may set

P _1 2 3

E":,; S‘fv d V'd’(N)v (9)
sothat V* P/m = VP/m = $'(N) VN. We now give an example of linearization:

NV = (No+n)(vo+v) = (No+n)v = Nov + ...

In the same way (8/6t)(J/-q), ¢'(N) VN, qEN/m, Nu, and J/-q are replaced by Noav/at,
:b'(NO) VN, qENo/m, Nou, and NOV, respectively. Thus from Eq. 8, after multiplica-
tion with rn/N , we obtain

ov  ¢'(N)

m-5T+m N
o

VN = -qE + (u-v) m/T. (10)

Dot multiplication of (10} by Nv and multiplication of (7) by m¢‘(No) N/N0 and adding
the results gives
362 o m¢’ (N )
9 N

o

2
19N _ . ;_mN — 2 mu
> at] =E-J e (v—u) +—q_r (J+Nqu).

m

le

|EVN) NV + NV« (NV) + 5

We now define

: _1.2
$'(Ny) =5 v

and neglect third-order, so that Navz/at = NOBVZ/Bt. Then we get

2 2
—2 mv, mv
9 mv T N . TN v=).w. 1_ 2, mu <
3t <No st N N>+V (Z _No Nv)-E J - p(J+Nqu) +—q_r (J+INqu). (11)

The various terms in (11) are of second order in the perturbation except the second and

the third terms of the right-hand side. If we set N = No + n, we get
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o 2N

o

mv> mv?

: TN V. ™o (ot oo
\% TN NV |=— v <N0v+2nv+

The first-order part of {11) thus, in fact, is
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From Egs. 1, 2, and 11 we derive Fig. II-2.
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<V-SQ>
- (5 + Nquh <p(J+ Ngu)?>
q!‘
— —<y.5 >

<J+E>=<J E>+<J E >
o o ac  ac

<V'S>
s

Fig. II-3. Energy balance for sound waves in semiconductors
in a stationary situation.

stress F have been split into a D. C. and an A. C. part. Figure II-3 illustrates a sta-
tionary alternating situation, in which < > means the time average over one period.
The term <V - Semm > is split into V- (EOXHo] and the contribution of the A. C. parts.
The former is equal to JOEO, as can be easily understood by considering a simple con-
ducting wire; the A.C. parts can be proved to be negligible for a sound wave. We note
that <V- Ss> is negative for attenuation, and positive for amplification. At each small

circle, we have a balance.

5. Applications
a. Equations of State: Piezoelectricity and Deformation Potential

Figure 1I-3 shows that

9S P u
<Fac -BT'> = <Eac W> + <c‘1‘—-'r— (J+Nqu> :

If we neglect the second term on the right-hand side, we obtain

oS\ . L 2P
éac?t->- <Eac at /-~ (12)

In the piezoelectric case we have D = €E + P, with P = eS. It can easily be seen that
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(12) is satisfied if and only if Fac = —eEac. There is no physical reason why this equa-
tion should be valid only for the A. C. components; thus F = -eE, and the equaticns of
state thus are

D= €E + eS T = ¢S - eE.

We can verify the statement that F8S/at = -Ed P/8t, so that we can say that instantane-
ously the energy taken from the acoustical wave through the coupling force F shows up
in the electromagnetic energy as the energy set free by the depolarization of the "piezo-
electric" charges.

In the deformation-potential case, we have D = €E + P, with P = -(Ce/q)(8S/0z).
By considering sinusoidal fields, we can again verify the conclusion that (12) is satis-
fied if and only if Foe = -(Ce/q)(dE/0z), so that the equations of state are

D = €E - (Ce/q)8S/oz T = ¢S - (Ce/q)3E/8z.

In this case it can be verified that FaS/at = PaE/at = -:T(PE) - EoP/at, so that the pre-
vious statement about the instantaneous energy transfer is no longer true. Figure Il-2

is only approximate.

b. Attenuation Constant

From Fig. II-3, we see that the energy taken from the sound wave is given by

= {F,. at> < - _aatp> %(J+Nqu)> < E> —(J+Nqu> (13)

If all fields are now of the form u = U, exp jlwt=kz), with jk = a + jB, we get

g %
2 Re (“;‘" ):Q (14)

from

—<v‘ ss> = <Fac at> Q and 5, = ~(uT).

The attenuation, e, is caused by the factor F in the equation T = ¢S + F, and thus in
pdu/at = 8T/dz. If we calculate a by a first-order calculation, we use formula (14)
but calculate @ and uT" in the unperturbed situation. Thus from pdu/dt = cdS/9z,
T = ¢S, and 3S/0t = 9u/d8z, we get vz =c/fp and S = u/vs.

Thus for ¢ we obtain

Q Q
a= = : (15)

z
2 Re (“—gf> plul Vs
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with Q given by (13). This is the equation used in published results for calculations

of a.
H. J. E. H. Pauwels
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RESEARCH OBJECTIVES AND SUMMARY OF RESEARCH

The research objectives of the radio astronomy group may be subdivided as follows:
1. Development of techniques for radiometry at millimeter wavelengths.

2. Observation of extraterrestrial radio sources, principally, but not exclusively,
at short centimeter and millimeter wavelengths.

3. Microwave studies of the terrestrial atmosphere and surface with application
to meteorological satellites.

4. A study of wide base-line interferometry at millimeter wavelengths.

During the past year work has progressed in all of these research areas, to a varying
degree. Significant results have included the construction of 4. 2-mm radiometer having
a bandwidth of 1.8 Gc/sec, and a sensitivity of approximately 1.5°K for an integration
time of 1 second. This radiometer incorporates a wide-band crystal mixer, which was
also developed under this program within the past year. A digital synchronous detector
has been designed and built. Work has progressed on a solid-state local oscillator, the
ultimate objective bemg a 5-mm source of local-oscillator power. At present a high-
efficiency quadrupler is in operation from 5 Gc/sec to 20 Ge/sec.

Because the over-all program is concerned with millimeter wavelengths, we must
have detailed knowledge of the transmission properties of the terrestrial atmosphere.
This has led to a program of atmospheric studies at wavelengths of 13, 5, and 4 mm.
Observations of the 13, 5-mm water-vapor line have been made over a small region cen-
tered on the resonant frequency in an attempt, thus far unsuccessful, to detect strato-
spheric water vapor. Further observations of the entire line will be made with a
multichannel K-band radiometer that is nearing completion. A program for studying
the molecular oxygen lines at high altitudes has also been started. A three-channel
5-mm radiometer has been constructed, and one balloon flight has been made. Other
flights are planned for the coming year. In conjunction with observations of planetary
radiation at 4-mm wavelength, measurements have also been made of atmospheric atten-
uation at this wavelength.

Three observing programs on extraterrestrial radiation have been initiated during
the past year: (i) measurements of Venus, Taurus A, Sun, and Moon at 11. 8 mm; (ii)
discovery of the interstellar OH line in the absorption spectrum of Cassiopeia A at
18-cm wavelength; and (iii) observations of Jupiter and Taurus A at 4.2-mm wavelength.
All of these programs will continue during the coming year, except that the K-band
observations will be expanded to cover the wavelength range 16-8 mm.

In the study of wide base-line interferometry we have investigated the degree of phase
coherence permitted by the terrestrial atmosphere and ionosphere as a function of fre-
quency, and the advantages to be gained by using "clipped signals" and digital data

*This work was supported in part by the National Aeronautics and Space Adminis-
tration (Grants NsG-250-62 and NsG-419); in part by the U.S. Navy (Office of Naval
Research) under Contract Nonr-3963(02)-Task 2; and in part by Purchase Order
DDL BB-107 with Lincoln Laboratory, a center for research operated by Massachusetts
Institute of Technology, with the support of the U.S. Air Force under Contract
AF 19(628)-500.
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processing to reduce the problem of gain instability of separated amplifiers.

A 10-ft precision parabolic antenna has been put into operation on the laboratory roof
and used in the 4-mm observations. The antenna is altazimuth mounted and controlled
in celestial coordinates by a PDP-1 digital computer. This whole system is now in oper-
ation.
A. H. Barrett, J. W. Graham

A. A 22-Gc BALANCED, CANONICALLY TUNED VARACTOR QUADRUPLER
WITH 50-mw OUTPUT POWER

To the best of the authors' knowledge the varactor multiplier that is described in
this report is the first successful realization of a symmetric, multiple-diode varactor
frequency multiplier at centimeter wavelengths. The quadrupler is capable of delivering
a power output of more than 50 milliwatts at 22. 2 Ge with an efficiency in excess of
13 per cent.

The circuit is unique in several respects. First, separation of even- and odd-
harmonic power into different parts of the circuit is inherently accomplished through
the use of a two-varactor balanced arrangement which increases the power-handling
capability by a factor of two. Second, canonical (noninteracting) tuning is provided in
the input, output, and idler circuits. Third, a combination of waveguide and coaxial
elements are utilized to achieve the desired separation of harmonic and fundamental
power.

The breadboard model of the quadrupler is shown in Fig. III-1. The coaxial

Fig. IlI-1. Partially exploded view of the 5.55-22. 2 Gc balanced quadrupler. The two
varactors are mounted across the waveguide and driven coaxially at the
center point. The idlers are tuned individually by the two coaxial stubs.
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Fig. III-2. Efficiency and power output versus input power for the 5.55-22.2 Gc bal-
anced quadrupler.

structures serve as the idler (11.1 Gc) tuning adjustments while simultaneously pro-
viding short-circuits at the guide faces at 5. 55 Gc and 22.2 Ge, independently of the
position of the idler tuning stubs. The third harmonic (16. 65 Gc) is open-circuited at
the input port by a quarter-wave series trap. The output is tuned and matched to the
load with a sliding backshort and an E-H tuner (not shown), and then filtered with a
simple cavity filter (to insure that all of the indicated output power is at 22.2 Gc). Input
tuning is provided by coaxial, double-stub tuners. The diodes are individually biased
from 1000 © ten-turn potentiometers supplied with 12 volts.

The power output and efficiency of the quadrupler is plotted against the input power
in Fig. IlI-2. Note that the efficiency rapidly climbs from 8 per cent to over 10 per cent
for a 3-db input-power increase from 50 mw to 100 mw and then levels off to a slow rise
to 13.5 per cent at 400-mw input. Calculations have indicated that the diodes begin to
overdrive at less than 80-mw input. The canonical tuning makes the adjustment of the
multiplier particularly simple. Saddle points and other tuning anomalies are absent;
in fact, with a very small sacrifice in efficiency, the quadrupler can be retuned for :nput
powers ranging from 30 mw to 500 mw with bias voltage adjustment alone.

Although the experimental quadrupler employs overdriven graded-junction varactors
(two matched, epitaxial GaAs varactors, Type D5047B, supplied by Sylvania Electric Pro-
ducts, Woburn, Mass. ), the theoretical results that are available on overdriven doublersl’2
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can be used to extrapolate from the existing abrupt-junction theory.3 If reasonable levels
of idler loss and input-output circuit loss are assumed, the measured efficiency is in
agreement with the theoretical efficiency. The overdrive ratio is fairly high (greater
than 5:1) without appreciable conduction current (less than 1 ma/diode at 50-mw output).

Recent measurements directed toward separation of diode losses and circuit losses
indicate that a considerable portion of the circuit loss is associated with the input double-
stub tuners, The magnitude of this portion of the loss is approximately 3-4 db. Thus
it appears that an improved input tuning structure may increase the efficiency by as much
as a factor of two. A new low-loss tuning structure has been designed and construction
is now in progress. '

The results verify the supposition that careful attention to design, together with
symmetric-circuit techniques, can remove a great deal, if not all, of the necessity of
having an "agile screwdriver" for successful operation of microwave varactor multi-
pliers. The multiplier presented no surprises other than pleasant ones and proved trac-
table and free of spurious oscillation.

Further results will be presented at the International Solid State Circuits Conference,
to be held in Philadelphia, February 19-21, 1964, and will be published in the Conference
Digest.

R. P. Rafuse, D. H. Steinbrecher
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B. DISCOVERY OF THE INTERSTELLAR 18-cm LINES OF THE HYDROXYL
(OH) RADICAL

Following the detection of the 21-cm line of atomic hydrogen in the interstellar
medium, Shklovskyl and Townesz both suggested that the A-doublet line of the ZII 3/2’
J = 3/2 state of the hydroxyl (OH) radical might be detectable. A search, in 1956, by
Barrett and Lilley was unsuccessful,” but this search was made without the benefit of
precise laboratory frequencies for the lines. In 1959, Ehrenstein, Townes, and
Stevenson4 measured the frequencies in the laboratory and obtained 1667.34
0.03 mc/sec for the F = 2 = 2 hyperfine line, and 1665.46 + 0. 10 mc/sec for the F =

1 = 1 line.
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With accurate values of the frequencies and the improved techniques that are now
available, another search was undertaken, in October 1963, as a joint experiment
between the Research Laboratory of Electronics and Lincoln Laboratory. M. L. Meeks,
S. Weinreb, and J. C. Henry participated from Lincoln Laboratory. The experiment
was performed with the 84-ft parabolic antenna at Millstone Hill Observatory, Lincoln
Laboratory, M.I.T., and made use of a digital spectral-line autocorrelation radiometer
that had been designed and built by Weinreb at the Research Laboratory of Electronics

TLLSTONE mIL. RADICMETER AVERALE PI1]
OURCE CAS A OCT g1 1963 TINE « 21-11-22 93
NUMBER OF RUNS TN AVERAGF -83

\ /\/,..\
o J]._ss ! f 5 %.n‘; A} : 15 } 15 %-'ﬁ
A Tc\/ V FREQUENCY

= KCfs

J.O.L i}

OPTICAL DEPTH

TEMPERATURE °K

Fig. III-3. A portion of the observed 1667 mc/sec OH absorption spectrum in Cassio-
peia A. The heavy line shows 8000 seconds of data taken with the antenna
beam directed at Cassiopeia, and the light line shows 6000 seconds of data
taken with the beam displaced slightly from Cassiopeia.

as part of his doctoral research program.5

Observations were conducted between October 15 and October 29, 1963, in the direc-
tion of the strong radio source Cassiopeia A, since this direction would yield the largest
observable effect for the least number of OH radicals in the antenna beam. The obser-
vation frequency was corrected for the Doppler shift resulting from the motion of the
earth and sun. The first night's observation gave strong evidence of a positive detection
of OH absorption lines in the spectrum of Cassiopeia A, and subsequent nightly obser-
vations furnished verification. Absorption lines corresponding to both OH lines were
found at 1665 mc and 1667 mc, with relative intensities in agreement with expected
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values. A 20-kc shift of the lines was observed between October 17 and October 29,
1963, which is in agreement with the orbital velocity of the earth and gives positive evi-
dence that the OH was extraterrestrial. One of the absorption lines is shown in
Fig. III-3.

The detection of OH provides radio astronomy with a second radio line, and will lead
to many comparison studies with the galactic H distribution as determined from 21-cm
research. The OH/H abundance ratio can be computed from our results, and gives val-
ues of 10_7. Our preliminary results have been published.6 Word of our discovery was
communicated to radio astronomers with the result that the Australian group confirmed
the detection within three weeks.

Observations of OH in other parts of the galaxy will continue at the Millstone Hill

Observatory.
A. H. Barrett
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Prof. C. H. Perry D. J. McCarthy J. P. Stampfel, Jr.
Jeanne H. Fertel E. C. Reifenstein III H. D. Wactlar

RESEARCH OBJECTIVES

The aim of this group is to continue the study of the properties of solids in the far
infrared. Transmission and reflection measurements at room temperatures of three
perovskite titanates have been completed. Temperature-dependent reflection measure-
ments in the range 77-700°K are to be undertaken on these materials above their Curie
temperatures to gain further understanding of their ferroelectric behavior. With this
end in view, the study is being extended to zirconates, hafnates, and other perovskites
that exhibit similar properties. Current solid-state research problems also include
the infrared spectra of some antiferromagnetic materials and some inorganic compounds
that have low internal molecular and lattice vibrations.

The study of low-temperature detectors for the 50-1000 p region continues in cooper-
ation with Professor R. C. Lord of the Spectroscopy Laboratory, M.L T.* Detector noise
measurements as a function of frequency are being undertaken to study the detectivity
of these bolometers and ascertain the optimum chopping frequency. The evaluation of
the performance of a commercial far infrared Michelson interferometer is expected to
be carried out in the near future, but this will have to await delivery of the instrument.
Interferometers should inherently make better use of the available energy than conven-
tional spectrometers; this should decrease the time for taking spectra, as well as pro-
vide better resolution. Some modifications in the instrument will be necessary in order
to make reflection studies and for low-temperature measurement, but these appear to

be minor.
C. H. Perry

A. FAR INFRARED REFLECTANCE AND TRANSMITTANCE OF POTASSIUM
MAGNESIUM FLUORIDE AND MAGNESIUM FLUORIDE

1. Introduction

Many compounds possessing the cubic perovskite crystal structure exhibit unusual
properties, such as ferroelectricity and antiferromagnetism. Knowledge of the nature
of the interatomic forces in the crystal should prove extremely useful in explaining these
phenomena. To make such information available, several s’cudiesl'5 of the far infrared
and Raman spectra of the perovskite titanates and the related rutile have been reported
recently. Some disagreement exists concerning the interpretation of these spectra. To
furnish additional data to help resolve the disagreement, and to facilitate the interpre-
tation of the electronic absorption spectral studies of the compounds made by one of us
(J. F.), research on the transmittance and reflectance spectra and the dielectric disper-
sion of potassium magnesium fluoride and magnesium fluoride was undertaken as a prel-
ude to a more comprehensive study of the vibrational nature of fluoride perovskites and

their "rutile" counterparts.

*This work is supported in part by the National Science Foundation (Grant G-19637).
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2. Experiment

The room-temperature reflectances of potassium magnesium fluoride and magnesium
fluoride were measured by using unpolarized radiation from 4000 cm-l to 30 cm_l rela-
tive to the reflectance of a reference mirror coated with aluminum. Measurements were
also made on each material at 5 cm-l, with the use of a "Carcinotron" source of 2-mm
radiation at Lincoln Laboratory, M.I. T.; the samples were mounted at a 20° included-
angle bond in a light pipe, and the reflectances were compared with a reference mirror
in the same position. The results were in reasonably close accord with our low-
frequency far infrared measurements.

The infrared reflection spectra were recorded on a Perkin-Elmer Model 521 grating
double-beam spectrophotometer, equipped to scan continuously from 4000 cm_1 to
250 cm_l. A Perkin-Elmer reflectance attachment was used in this instrument, and
the reflectance data were recorded at an angle of incidence of approximately 15°. Below
400 cm-l, it was necessary to flush the instrument with evaporated liquid nitrogen to
remove most of the water vapor. A single-beam grating spectrometer, constructed in
the M. I. T. Spectroscopy Laboratory, was used for measurements below 500 cm_l.6
This instrument was improved by complete enclosure in a vacuum case7; this proce-
dure allowed water vapor to be entirely removed from the optical path and so provided
smooth background spectra. Again, the angle of incidence for the reflection measure-
ments was 15°. The samples used were grown at the Bell Telephone Laboratories, Inc.
The KMgF3 sample was a single crystal with a polished face approximately 0.5 inch
square. The Mng was not a single crystal and was more irregularly shaped, which
necessitated a slight vignetting of the beam. Transmission measurements over the
same range as for reflection were made on the two infrared instruments deccribed
above. The samples consisted of finely divided powders dispersed in KBr matrices
for measurements above 300 cm_l, and dispersed in polyethylene for measurements

below 600 cm ! o

3. Data Analysis

The real and imaginary parts of the complex dielectric constant, €' = n2 = kZ and
€" = 2nk (where n is the refractive index, and k is the absorption coefficient) were
obtained by transforming the reflectance data by using the Kramers-Kronig relation.8
-ie, where r = Rl/z, and R and 6(v)
are respectively the reflectance and the associated phase angle, the latter being given

by

In this, the reflectivity amplitude is given by re

2 w In [r(v')] dv’
Sl e
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The infinite integral was evaluated by representing ln r (v') by straight-line segments
between data points and programming the relationships for use on an IBM 7090 computer
at the Computation Center, M.I. T.

4. Discussion

Potassium magnesium fluoride possesses the cubic perovskite crystal structure,

9 and contains one molecule per unit cell.

which belongs to the space group O:l (Pm3m)
Each atom of the same element in the crystal forms an equivalent set, but the site sym-
metry of the fluorine atoms is D4h' while that of the magnesium and potassium atoms
is Oh'

In discussing the number and symmetry species of the active vibrational modes in
the perovskite BaTiO3, I_.ast1 breaks down thc twelve nontranslatory modes into one
triply degenerate set of three lattice modes (Flu) in which the Ti03 group oscillates as
an entity against the lattice of barium atoms and nine modes of vibration of a titanium
atom surrounded by a regular octahedron of 6 half-oxygen atoms. The last are treated
under the point group Oh and yield the result that there are two triply degenerate sets
of Flu infrared allowed modes fnd one triply degenerate FZu infrared forbidden set of
modes. Narayanan and Vedam, in reporting the Raman spectrum of strontium titanate,
disagree with Last's conclusion and assert that there are, in fact, 4 nontranslatory
triply degenerate sets of infrared-active modes, all of which belong to species Flu’
and they quote Rajagopal's10 treatment of the lattice dynamics of cubic perovskites as
substantiating this contention. We feel that they have misinterpreted this work, for
although Rajagopal states there are four triply degenerate fundamentals for a cubic
ABO3 structure, he does not specify to which symmetry species they belong. He does
indicate, however, that his determinant of order fifteen factors into three of order five
(indicating 5 triply degenerate oscillations, of which one is the acoustical or translatory

mode), and furthermore that the v, mode separates out. The cubic equation resulting

4

from the removal of the translatory mode and the v, vibration yields the three infrared-

active vibrational modes described by Last. !
We have used the following standard considerations to arrive at a conclusion that is

in agreement with Last's. The number of normal modes of a particular symmetry spe-

cies is given by n, the number of times the irreducible representation 1"i corresponding

to that species is contained in the reducible representation I'. The group theoretical

expression for n, is

n, = ‘11\1' Z h X! (R) X,(R),
p

where N is the order of the group, hp the number of group operations falling under the
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class p, X")(R) and Xi(R) are the characters of the group operation R in the represen-
tation I' and I"i, respectively, and

X;)(R) = UR(:tl +2cos ¢R).

Proper rotations by ¢ take the positive sign, and improper rotations take the negative
sign. For point group operations, UR is given by the number of atoms that remain
invariant under operation R. For space group operations, however, which are appro-
priate when considering crystals, UR is the number of atoms in the repeating unit (for
crystals, the unit cell) which, for a particular operation R, contains either the appro-
priate rotation axis, reflection plane or inversion center. When applied to KMgF3 (which

has an ideal cubic perovskite structure“), these considerations yield 4F " lFZu as

1
the symmetry species of the normal modes, of which one Flu is a translation and the

F
2u
ment with our experimental data. Figures IV-1 and IV-2 show the transmittance and

mode is forbidden in the infrared. We find that such a conclusion is also in agree-

reflectance spectra of KMgFS, and Fig. IV-3 shows the real and imaginary part of the
dielectric constant calculated from the reflectance data. The maxima of the imaginary
part yields the true resonant frequencies, and these are listed together with assignments
in Table IV-la. While we describe the various modes as bending and stretching, we
realize that they are not pure modes, and knowledge of the actual form of the vibrations
must await a complete normal coordinate analysis.

For magnesium fluoride, the tetragonal crystal structure is isomorphous with

TRANSMITTANCE (PER CENT)

600 500 200 300 200 100 0
WAVENUMBERS (CM™")

Fig. IV-1. Transmittance of KMgF3 in polyethylene films.
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Fig. IV-2. Reflectance of KMgF3.
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Fig. IV-3. K-K analysis of reflectance data for KMgF3.

cassiterite (SnOZ), belongs to the space group D;ﬁ [1°4Z/mnm],12 and contains two
molecules of Mng per unit cell. The magnesium atoms have DZh site symmetry, and
the fluorine atoms have CZV' Using the considerations outlined above, we find that the
vibrations belong to the following symmetry species of the D4h space group (D4h):
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Table IV-1. Frequencies (in cm_l) and symmetry of infrared
modes obtained from K-K analysis of the reflection
data for KMgF3 and for MgFZ.

vy 450
vy 295
vy 140
vy 435
vy 405
Vs 280
vy 265

lu

lu

1u

(a) KMgF3

MgF stretch
FMgF bend

K-(MgF3) stretch (lattice mode)

(b) MgF2
MgF stretch

MgF stretch — FMgF bend

pseudo lattice modes with Mg
moving one way and F in the
opposite direction

Alg + AZg + AZu
are infrared-active.

tions by Narayaman13

+B1g+B2g+ZBlu+E

and Matossi. L

g + 3Eu, of which only the A2u and 3Eu modes

This agrees with the results of the treatment of the rutile vibra-

The transmission and reflection spectra and the dielectric dispersion data for Mng
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Fig. IV-6. K-K analysis of reflectance data for Mng.

are shown in Figs. IV-4, IV-5, and IV-6, and the resonant frequencies are listed in
Table IV-1b. The AZu and one of the Eu modes correspond to motions in which all of
the fluorine atoms are moving together in a direction opposite to that of all the Mg atoms.
There is, of course, no "lattice" mode corresponding to that for KMgF3. The two
remaining Eu modes can be considered as motions in which only the fluorine atoms are
moving appreciably. The stretching and bending modes are more difficult to describe
and less pure than for KMgF3, since the fluorines in MgF2 form an irregular octahedron
around the magnesium atoms and consequently the lattice is made up of interpenetrating
unit cells. Hence a mode in one cell which could be described as predominantly a

QPR No. 72 37



(IV. FAR INFRARED SPECTROSCOPY)

stretching mode automatically gives rise to a predominantly bending mode in all of the
interpenetrating cells., Again, a full description of the form of the vibrations must await
a normal coordinate analysis for which the additional information regarding the frequen-
cies of the infrared-active modes must be obtained from the Raman spectrum,

We wish to express our thanks to Professor R. C. Lord of M. I. T. for his encourage-
ment in this work and for many helpful suggestions; to Dr. D. L. Wood of Bell Telephone
Laboratories, Inc. for useful discussions; to Mr. J. Ballentyne of the Insulation Labora-
tory, M.I.T., for reflection measurements at 5 c:m_1 taken at Lincoln Laboratory,
M.I. T., and for the use of his K-K analysis program, and to Dr. H. J. Guggenheim and
Dr. K. Knox of Bell Telephone Laboratories, Inc. for the crystal samples.

C. H. Perry, G. R, Hunt, J. Ferguson
(Dr. G. R. Hunt is now at the Air Force Cambridge Research Laboratories (CRFL),

Bedford, Massachusetts. Dr. J. Ferguson is at Bell Telephone Laboratories, Inc.,
Murray Hill, New Jersey.)
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T
S

B. INFRARED ABSORPTION SPECTRA OF CRYSTALLINE KZPtCI4

1. Introduction

Many fundamental frequencies of inorganic molecules occur below 400 cm_l. In

particular, the stretching and bending frequencies of metal-halogen bonds and lattice
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vibrations occur in this region. We have made a preliminary investigation of KZPtCI4
with a view toward extending this study to other complex halides. A similar solid-state
study of this molecule has been carried out recently by D. M. Adams and H. A. Gebbie,l
using a far infrared interferometer. There is some disagreement, however, in the
assignment of the infrared normal modes because we have found two additional infrared-
active vibrations that were not observed by the previous authors. Owing to the presence
of a center of symmetry in the unit cell of these crystals, there is a mutual exclusion
rule between the infrared- and the Raman-active modes. The Raman spectra of the
complex ion (PtC14)2— has been observed by H. Stammreich and R. Forneris,2 and the

assignment of the observed frequencies to the Raman-active modes can be made directly.

2. Experiment

Transmission measurements of crystalline KZPtCl4 suspended in polyethylene

matrices3 have been studied from 400 to 60 cm—l. The measurements above 250 cm_l

were made on a P-E double-beam spectrophotometer, and below 250 crn-'1 they were

recorded on the single-beam vacuum far infrared instrument.‘}'5 Preliminary investi-

gation at room temperature showed a strong band at ~320 cm-l, and two broad bands in
the far infrared. Further experiments with samples of various thicknesses showed that
the two broad bands were probably each split, and this was confirmed by transmission
measurements at liquid-nitrogen temperature, with the use of the Limit Research
90—

go—\\ = _e-mTTTTTTTe
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Fig. IV-7. Transmittance of KZPtCI4 in polyethylene from 60 cm™ "~ to 360 cm™ .
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Corporation low-temperature cell both in the P-E 521 and in the far infrared instrument.
The final results are shown in Fig. IV-7 for the sample of ~3 mg KZPtCI4 per square
centimeter run at ~300°K and ~100°K.

3. Discussion

The vibrational spectrum of Rn(XY4) molecules belonging to the Dt'lh space group
would be expected to consist of 5 nondegenerate and two doubly degenerate fundamental
modes for the (XY4)n- ion. The tetragonal crystal structure6 would cause the triply
degenerate lattice modes to split into a nondegenerate and a doubly degenerate lattice
mode.

Three Raman-active frequencies have been observed,2 in full agreement with the
selection rules, and the normal mode assignment can be made directly. Two doubly
degenerate and one nondegenerate mbde are active in the infrared, together with one
degenerate and one nondegenerate lattice mode as described above. Five infrared-
active vibrations have been observed in our results (see Fig. IV-7) and this is in full
agreement with the selection rules. The frequencies, vibrational assignment and a
short description of the motion are given in Table IV-2.

Macoll7 gives the approximate form of thesc normal vibrations and the symmetry

species, with which all previous workersl'2

and the present authors agree. Adams
and Gebbie,l however, in the assignment of their frequencies ignore the fact that they
may not have been able to resolve all of the bands and also the possibility that one of

the bands with which they associate an internal vibration may be a lattice mode. This

Table IV-3.
Frequency (cm-l)
Adams and This Species Qualitative description
Gebbie work
320 3211 E, PtC14 1. P. stretching
183% 190 % 5 E, PtCl, L P. bending
* .
93 170 £ 5 AZu PtCl4 O. P. bending
- 110 £ 2 AZu Lattice mode
— 89 +2 E, Lattice mode
*broad
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can be seen more clearly in Table IV-3, in which our results are compared with those
of Adams and Gebbie.

The complete removal of these ambiguities can only be accomplished by further
measurements on materials of similar structure. Consequently, work is already in
progress here on RbZPtCI4 and CsZPtC14. We would expect that the cation-(PtCl4) lat-
tice vibrations would be most changed, and we would expect to see the two lowest vibra-
tions shift to even lower frequency, and little change in frequency for those associated
with the Pt:Cl4 internal vibrations if our interpretation is correct.

Further study is proposed for the bromides of these materials, and also for PdII
and Aulll (in place of the PtII), in order to determine the low internal molecular and
lattice vibrations for all of these materials.

C. H. Perry, Jeanne H. Fertel
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V. ELASTIC AND THERMAL PROPERTIES OF SOLIDS

Prof., C. W. Garland
R. H. Renard
C. F. Yarnell

RESEARCH OBJECTIVES

There is a variety of problems in the physics and chemistry of solids in which pho-
nons (lattice vibrations) play an important role. The theory of lattice dynamics can be
used to calculate many bulk properties of a crystalline material if appropriate inter-
atomic force constants are known. The adiabatic elastic constants of a single crystal,
which can be measured with high precision by ultrasonic pulse techniques, provide direct
information about the dispersion curves and frequency spectrum at low frequencies, and
thus determine the low-temperature thermal properties. They also provide a way of
testing or evaluating the force constant parameters in various force models of a solid.

Recently, attention has been focussed on the elastic properties of crystals near
lambda-point transitions. There are "anomalous" changes in the elastic constants of a
solid near the critical temperature for an order-disorder transition; such chunges are
related to the detailed structural changes that occur and to the nature of the interatomic
forces involved.

Experiments performed in the past year showed that there are important variations
in the elastic constants of NH 4Cl around the lambda-point transition. These variations

are caused partly by the change in the volume of the lattice which occurs at the lambda-
point transition. To resolve these contributions, the pressure dependence of the elastic
constants of NH4C1 will be studied at several temperatures. A high-pressure system

capable of achieving pressures up to 10, 000 atmospheres has been built for this study.
A large constant-temperature bath was built in order to obtain good control of the tem-
perature down to -30°C. To improve the accuracy of the measurements, the ultrasonic
pulse method of H. J. McSkimin was adopted. Preliminary measurements of the elastic
constants of NH4C1 as a function of pressure at room temperature have been made.

NH4Br and KZSnCI6 have lambda-point transitions at a convenient temperature.
Crystals of NH4Br and KZSnCI6 are being grown. The elastic constants of these crystals

will be measured as a function of temperature and pressure and the results compared
with those for NH4C1.

C. W. Garland
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VI. GEOPHYSICS

Prof. F. Bitter Dr. J. F. Waymouth H. C. Koons
Prof. G. Fiocco R. J. Breeding R. G. Little

Dr. T. Fohl J. C. Chapman O. Redi

Dr. H. C. Praddaude G. W. Grams C. J. Schuler, Jr.

W. D. Halverson

RESEARCH OBJECTIVES

This group will be concerned with a variety of problems of geophysical interest,
including laboratory investigations of the properties of matter and radiation under
extreme conditions. The initial program includes two principal projects.

1. Planetary Radiation Belts

Theoretical and experimental studies will be undertaken to extend our knowledge of
the interaction of charged particles in a magnetic field, especially to include conditions
under which electric and magnetic forces are of comparable magnitude. These studies
should have a bearing on scattering, recombination, and radiation processes in very low
density plasmas.

Laboratory studies are planned for the investigation of the diffusion of charged par-
ticles in the fields of magnetic dipoles.
F. Bitter

2. Scattering of Light in the Earth's Atmosphere

Studies of the Earth's atmosphere by scattering of laser radiation will be pursued.
An important part of this program will involve studying the dust layers existing at an
altitude of 20 km and above. We are planning to take the apparatus to Sweden during
next summer to observe noctilucent clouds.

The possibility of using Raman scattering in order to obtain profiles of density and
temperature for various species in the lower atmosphere will be investigated.

The scattering cross section in the vicinity of an absorption line will be investigated
experimentally with a tunable laser.
G. Fiocco

A. TRANSITION FROM PREDOMINANTLY ELECTRIC TO PREDOMINANTLY
MAGNETIC BINDING IN THE HYDROGEN ATOM IN A MAGNETIC FIELD

Attempts to obtain complete solutions for the hydrogen atom in a magnetic {ield
thus far have been only partially successful, and will not be reported now. The
following simple semiclassical calculation of the effect of combined magnetic and
electric forces acting on electrons in circular orbits in a hydrogen atom with the
nucleus at rest indicates the kind of phenomena to be expected. For this case,
for the forces, we have

2y
_m_V__=_%+evB, (1)
r

r

and for the canonical angular momentum
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p=nﬁ=mr2<c.b-2££-). (2)

Upon eliminating the velocity, we obtain an expression for the radius

2 r4
nf=Lil (3)
b

where a is the first Bohr orbit

ﬁZ

_ -10
ke = 0.53 X 10 meter,

as

and b is the lowest cyclotron orbit radius

_3.62x 107° meter
B

b

This case is illustrated in Fig. VI-1. For small values of r and B, the radius is
independent of B. This is in accordance with the Larmor theorem, which states that,
to a first approximation, magnetic fields do not distort atomic configurations, but
merely produce the Larmor precession. At high fields and in large orbits in which

B (w/m?)

10° 1?'5 103 10 10°
|

10 " .
\ \ 102m 10 m
o7 LA™ 1 1 1

CONTOURS OF CONSTANT
RADIUS

Fig. VI-1. Radius of circular Bohr orbits with magnetic quantum
number m = %n plotted as a function of n and B.
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the electrostatic forces are negligible, the orbits approach the cyclotron orbits of free
electrons.
The total energy of the system,

_1 2 ke
E=gmv - i
may be put into the form
- 2_rxr | _lke
E —ipBB[u:t n a:l T (5)

r

For small orbits in weak magnetic fields n2 =3 and the energy is simply the zero-

field energy zn kB B. For large fields % « nz, and the energy becomes

E=2nPBB

when the magnetic moment is antiparallel (diamagnetic), or zero when it is parallel
(paramagnetic) to the applied field. In the diamagnetic case, the energy levels approach
the cyclotron or Landau levels.

2.0

1.5

2)

B (teslas,or w/m

Fig. VI-2. Magnetic moment of quantized circular orbits
in arbitrary magnetic fields.

The magnetic moment of the atom in these states is plotted in Fig. VI-2 in units nor-
malized to "n" Bohr magnetons. The density of energy levels, normalized to the corre-
sponding density of Landau levels, is plotted in Fig. VI-3. Note that the usually accepted
density of states of an atom in zero magnetic field, which rises to infinity as negative
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Fig. VI-3. Density of atomic-energy levels for circular diamagnetic orbits
in the vicinity of the ionization potential.

energies approach the ionization potential and is zero for positive energies, is a
"singular" or physically unachievable condition. In arbitrarily weak fields these par-
ticular states have a very low density for negative energies, and a constant density equal
to the density of L.andau levels for free electrons for positive energies.
This work was partly carried out at the Computation Center of the Massachusetts
Institute of Technology.
F. Bitter

B. AN INTERPRETATION OF SOME OPTICAL RADAR RESULTS*

Recent optical radar observations of echoes from the upper atmosphere have been
reported elsewhere by Fiocco and Srnullin.1 The results of several successive nights
of observations indicated, among other features, weak sporadic echoes at altitudes
between 110 km and 140 km; between 100 km and 110 km a noticeable reduction of the
returned signal was observed. The interpretation of the results reported here has been
developed in collaboration with Dr. Giusseppe Colombo, of the Smithsonian Institution
Astrophysical Observatory, Cambridge, Massachusetts, and the University of Padua,
Italy.

The results that are of present interest are shown in Fig. VI-4. The diagram gives

the observed radar cross section per unit volume, averaged over 10-km range intervals

*
This work was supported in part by the National Aeronautics and Space Adminis-
tration (Grant NsG-419).
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and over 13 nights during which observations were possible, from 17 July to 16 August
1963. The radar's wavelength is 0.694 micron.

We are concerned at present with an interpretation of the echoes obtained at heights
above 100 km, that is, with the presence of maxima in the radar cross section above
100 km, and of minima between 100 km and 110 km. The diagram results from averaging
the successive observations of each single night (several hundred pulses), and then
averaging again the results of the 13 successive nights, giving to each night the same
weight. A few remarks have to be made with regard to the accuracy of these determina-
tions. Some measure of accuracy is provided by the amplitude of the rms background
fluctuations, which is equivalent to 1.5 X 10~!3 (2/100)2 cm?/cm® (Z = height in km).
Because of slow recovery and nonlinearity of the photodetector, the sensitivity of the
receiver decreases with decreasing height. The effect is noticeable at altitudes below
90 km; the cross sections, as given in Fig. VI-4, are less accurate at this range. No
correction has been introduced, since the present discussion is limited to the resuits of
observations at higher levels. We note, however, that the echoes observed between
80 km and 90 km, at the mesopause, are indicative of cross sections much smaller than
those that would be expected in noctilucent clouds.2 and are in agreement qualitatively
with the measurements of Mikir‘ov.3 The appearance of these echoes could be related
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to the same process that is responsible for the formation of the noctilucent clouds.

It seems reasonable to assume that these echoes at higher altitudes are produced by
small particles, meteoroids. A knowledge of their shape and of the ratio of the size to
the wavelength is therefore essential in order to establish their individual cross sections.

10 ir 1, o
o - T,
N Q?X X(7rq )
. N amad
Q N 3
_ 2)‘0
A\ = 0.694 microns
|+
Fig. VI-5.
& Radar cross section No of N totally
ok i 1 radi
k reflecting spheres of equal radius a
—|x and constant volume Q.
0.1~
0.01|/0.1 I . 10
; . ——r 4 —
0.0l 0.1 almicrons)— |
RADIUS

For a particle much larger than the wavelength the radar cross section, o, is propor-
tional to the geometrical cross section and independent of wavelength; for dimensions
much smaller than the wavelength \, the scattering cross section decreases with -
dependence. In the intermediate region of sizes, large fluctuations occur. Values of
the ratio tr/TraL2 for totally reflecting spheres are given by Van de Hulst4 as a function
of x = 2ma/\. Suppose that a given volume Q is fragmented into N totally reflecting
spheres of radius a, the density remaining constant. The total radar cross section of
the N spheres, taken as independent scatterers, is

—garlf o
No = Q35 x( 2). (1)
Ta
A plot of %—Uf is shown in Fig. VI-5. As the wavelength of the radar is 0.694 micron,
Ta
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a reduction in size corresponds to a large increase in total cross section until an opti-
mum size (x= 1, a=0.11 micron) is reached beyond which the cross section decreases
very rapidly. Thus one may conceive that on its flight through the atmosphere a meteor-
oid undergoes progressive fragmentation in such a way that the collective radar cross
section of the fragments increases until an average optimum size is reached and that
further breakup, at lower heights, is responsible for a successive reduction of the
observed cross section.

In the real case the particles will not behave as totally reflecting scatterers; the
choice of spherical shape is unfavorable because it minimizes the geometrical cross
section for a given mass and is probably far from reality, since published photographs
of "fluffy" particles by Hemenway and Sobermam5 indicate very complex shapes. For
these filamentary shapes the radar cross section is much larger than the geometrical
cross section.

Since we are interested in obtaining from the measure of the collective radar cross
section an order-of-magnitude estimate of mass density and influx, but do not have any
measurement of individual radar cross sections, we shall assume that at some stage
in the descent the meteoroid breaks up into fragments of optimum size for observation
at the radar wavelength. We shall also assume that when the optimum size is reached,
the average radar cross section ¢ is 10 times larger than the average geometrical cross
section A.

Witt, Hemenway, and Soberman2 have collected particles from the mesopause. They
found a large number of submicron particles of a size that would not be expected to
scatter efficiently at wavelength A = 0. 69 micron, and that cannot exist in elliptical orbit
in the solar system, because of radiation pressure.

Some conditions of a purely mechanical character, which we have formulated but will
not present here, indicate that physically the following process is possible: A meteoroid,
with a radius of 10 microns or more, a density between 0.1 and 0.5,l and entering
velocity of 30 km/sec, will begin to fragment in sizes of0.1-0.5 micron at a height of
120-140 km {(which is above the height Z previously defined) if it has a crushing strength
somewhat higher than 10 dynes/cmz; these fragments of density close to one will keep
breaking up in flight downward into smaller crystals, typically of 0.02-0.05 micron, at
an altitude of 110-120 km, having reached a speed of approximately 10 km/sec, if they
have a crushing strength of the order of 100 dynes/cmz. The size distribution should
be variable with height, and the atmosphere would be working as a "filter."

On the bases of the radar observations and of the present model of fragmentation,
an attempt can be made to estimate the influx on Earth of meteoric material that is
undergoing fragiaentation and is of a size suitable for observation.

From the size population found by Hemenway and Soberman it can be established that
most of the total mass is obtained in sizes smaller than 0. l-micron radius. According
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to our model, all of this material is produced by fragmentation. Thus an estimate of
the flux based on these particles of larger size that are observable by optical radar at
higher altitudes accounts for most of the mass obtained at lower levels. Some of the
larger particles may well enter at lower speed in such a way that their contribution to
the total flux will be small.

Since the experiments have been performed in a period of high meteoric activity and
at night, a seasonal and diurnal rate factor affects the measurements. For the sake of
obtaining an order-of-magnitude estimate, we take the yearly average of the observed
difference in cross section between the maximum above 110 km and the minimum between
100 km and 110 km to be of the order of 10713
close to optimum, we shall assume an average radar cross section of the order of
7 X 10_'9 cmz, an individual mass of the order of 2.5 X 10—1
an average radial velocity of 5 km/sec. A total influx of the order of 6 X 104 tons a day

cmz/cm3. For particles of dimensions
4 . ]
gm, a density of 1.5, with

on Earth is thus obtained. It is unnecessary to emphasize the great uncertainty attached
to this estimate, in view of the scarcity of experimental data and the variety of assump-
tions. The number obtained is, however, in agreement with other published results. For
instance, it is in fair agreement, within an order of magnitude, with evaluations obtained
from measurements of meteoric impact on satellites by Dubin and McCr'acken.6 The
hypothesis of fragmentation may account for the relatively Jow influxes obtained on the

basis of Volz and Goody's twilight experiments.

G. Fiocco
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VII. NOISE IN ELECTRON DEVICES

Prof. H. A. Haus
Prof. P. L. Penfield, Jr.
Prof. R. P. Rafuse

RESEARCH OBJECTIVES

The purpose of the work on the noise performance of multiterminal-pair networks
(Quarterly Progress Report No. 68, pages 53-59) has been to ascertain the limiting noise
performance, as well as to determine appropriate measures of noise performance for
amplifiers with more than two terminal pairs. This phase of the work has been com-
pleted and the results were submitted to the Department of Electrical Engineering,
M.I.T., June 1963, as part of an Sc.D. thesis by W. D. Rummler. This thesis is to be
published as Technical Report 417 of the Research Laboratory of Electronics, M.I.T.

Our future effort will be concentrated in three areas. The first concerns the noise
performance of devices in which quantum effects are expected to be detectable or, in
fact, dominant. Because amplitude noise measurements cn the c.w. gaseous maser
oscillator are relatively convenient to make, the theoretical and experimental work will
be concentrated around this device.

(a) A quantum-mechanical analysis of the noise in optical maser oscillators will be
undertaken. The purpose of the analysis is to determine the limitations of the semi-
classical analysis, briefly summarized in this report.

(b) Measurements on the amplitude noise in optical maser oscillators will continue.
Our intent is to determine the noise level of "quiet" optical maser oscillators by refine-
ment of the existing apparatus.

(c) The sensitivities of various experimental methods for the determination of
amplitude noise of optical waves will be compared experimentally.

The second area of interest is noise in frequency multipliers, especially those made
from varactors. We hope to develop simple parameters to indicate the noisiness of a
signal and of a multiplier through which this signal passes, and then to compare the noise
performamce of various types of multiplier chains.

The third area of interest is the noise contribution of double-sideband degenerate
parametric amplifiers in a variety of applications.

H. A. Haus, P. Penfield, Jr., R. P. Rafuse

A. ANALYSIS OF NOISE IN OPTICAL MASER OSCILLATOR

With the aid of a semiclassical analysis, Lambl has shown that a gaseous laser with

a Doppler-broadened line obeys equations similar to those of the van der Pol oscillator.
Because of these results, it is reasonable to attempt to relate the existing work on noise
in van der Pol oscillators to fluctuations in the optical maser. If one considers a maser
oscillating in a single mode and if one dis-

regards the coupling to other modes of the

optical cavity, one may represent the dynamic

cC F L G_ G t in behavior of the amplitude of the oscillation
by the equivalent circuit of Fig. VII-1. The
nonlinear negative conductance of the maser

Fig. VII-1. Equivalent circuit. material has the assumed voltage dependence
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G_=G_(1-a<V?>), (1)

where the angular brackets represent a(short-)time average over a few cycles of the
optical frequency, and a is a constant. The conductance G represents the losses and
external loading of the optical cavity. The inductance L and capacitance C of the cir-
cuit resonate at the optical-cavity frequency w i their magnitude with respect to G is
determined by the "cold" cavity Q. If one intends to represent microphonics as caused
by the vibration of the mirrors, an important contribution to the frequency modulation
of the optical maser output, one would have to vary L and C in time, keeping their ratio
fixed if the Q remains unaffected by these variations. Here we shall disregard such
effects in the belief that they may not contribute to the amplitude modulation of the maser
output. The noise current generator incorporates the fluctuations associated with thermal
effects (negligible in the case of an optical maser) and with the emission of the active
material. If one disregards changes in in that are due to the nonlinearities of G_, one
may use for it the well-known valuez'4 associated with the spontaneous emission in a
linear, active material. The mean-square fluctuations within the frequency increment
AV are

i% = 04G_hvav. (2)

n m
Here, a(=1) is a factor accounting for the incomplete inversion in the maser medium.

1
a=1+% ' (3)

hv
exp(—\ -1
ey

where Tm is the (equivalent) negative temperature of the maser medium. To the equiv-

alent circuit of Fig. VII-1 one may apply the theory of noise in a van der Pol oscillator,5

One assumes the time dependence of the voltage

V{t) = R(t) cos [wot-e(t)]. (4)

Furthermore, one notes that R(t) and 6(t) are relatively slow functions of time. Finally,
one treats the case of low noise, for which

R(t) =R0+Rl(t). (5)
Here,

Rl(t) & Ro

0(t) = ©_ + 8 (1), (6)

where el(t) is a slow.function. Under these assumptions, for the steady-state ampli-

tude Ro one finds
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(7

and for steady-state phase 90

8, = const. (8)

The noise terms R, and 6, satisfy the (approximate) differential equations

° O 1 din
R, +=R, = -—=(—=2 sin (v _t-9 ) (9)
1 Q 1 wOC dt o) o
di
o 1
R6,=-5¢ <d—t“ cos (wot-80)>, (10)
o
where
woC
LIS,
Q - Gm - G 4 (11)

Here, Q' is the "hot Q" of the oscillator. Near threshold it varies between a value much
greater than the "cold Q" to a value comparable with it. The spectra of Rl and 91 can
be obtained from Eqs. 2, 9, and 10. Defining the spectral density of the driving noise
current generator, WO(V), by

iZ
=0
WO(V) =5Av (12)
one has )
%
Wgp () = ——2—, (13)
1 Cz[wzmg/Q,z]
with w = 2™v, and
1
-— W
2 ol
Wq (v) = - . (14)
17 TR%c? WP

A measurement with a photocell or photomultiplier on the light output of a single maser
detects only WR (v). The mean-square fluctuation R| may be obtained from the integral
1

. . 2 .
over all frequencies of WR (v). For the modulation ratio m~ one finds
1

3
Z_Rl ~ ahVO Gm e
" TRE T IR Gt G
o 270 m
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The output power may be expressed in terms of an external Q, Qe:

w C
ol

e

One may assign a bandwidth Aw_ to l/Qe by
Ame = wo/Qe. (17)

Then the modulation ratio becomes

2 aﬁVOAwe Gm
m = 5 G -G (18)

One can make estimates as to the magnitude of mz. Taking the He-Ne visible maser
line at 6328 [o&, Awe =10° me, and an output power of 1 pw, one has
G
m2=aG—T—G 1.9x 107>,
m !

(19)

The factor aGm/(Gm-G) is greater than unity. We believe that a value of m2 as obtained
here is within reach of achieved experimental sensitivities.
H. A. Haus
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B. OPTIMUM NOISE PERFORMANCE OF MULTITERMINAL AMPLIFIERS

This report is an abstract of an Sc.D. thesis, Department of Electrical Engineering,
M.I.T., August 19, 1963, which will appear as Technical Report 417, in January 1964.

The problem is to find the optimum noise performance that can be achieved from a
linear multiterminal-pair signal source used in the most general linear way with a linear
multiterminal-pair amplifier; this optimum performance is achieved at a single-output
terminal-pair in a narrow band of frequencies. The most general linear way in which to
use such a source and amplifier is to imbed both networks in an arbitrary linear lossless

network and take the output through this network. The optimum noise performance of
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such a system is defined as the maximum signal-to-noise ratio that can be achieved at
large exchangeable signal power. It is shown that this is a meaningful criterion for any
system that is to deliver ultimately an amount of signal power considerably greater than
kToAf, the noise power available from a room-temperature resistor in the same band-
width. The techniques described can be used, however, to determine the maximum
signal-to-noise ratio that can be achieved at any value of exchangeable (or available)
sigt 1 power.

The discussions are simplified by presenting the results in a plot with noise-to-
signal ratio and the reciprocal of exchangeable signal power as coordinates — the noise-
performance plane. This plot is useful for examining the noise performance of any
linear system. The noise performance of a conventional two-terminal-pair amplifier is
examined on this plane. Such a system defines two points in the noise-performance
plane: one by the noise-to-signral ratio and exchangeable signal power of the source; and
another by the noise-to-signal ratio and exchangeable signal power at the output. In
terms of these two points, noise figure, exchangeable-power gain, and noise measure
are given a geometrical interpretation in the noise-performance plane.

It is shown that the noise performance — signal-to-noise ratio and exchangeable
signal power — that can be achieved by imbedding a multiterminal-pair source and a
multiterminal-pair amplifier in an arbitrary lossless network can also be achieved by
imbedding the source in an arbitrary lossless network to reduce it to a one-terminal-
pair source and using this one-terminal-pair source to drive an arbitrary lossless
reduction of the amplifier. Thus the optimization problem can be solved by considering
separately the noise performance of the source and the noise performance of the ampli-
fier. For this reason, the problem is attacked by considering a set of problems of
increasing difficulty. First, the noise performance that can be achieved with a noisy
(positive or negative) resistance used in conjunction with a one-terminal-pair source is
examined. The points in the noise-performance plane that can be achieved at the output
of such a system all lie on a straight line through the source point with a slope equal to
the exchangeable noise power of the resistance. Subsequently, the problem of the noise
performance of a multiterminal-pair amplifier used with a one-terminal-pair source
is considered. After the noise performance of a multiterminal-pair source imbedded
in an arbitrary lossless network has been examined, the general noise-performance
problem can be solved by inspection.

With this work used as a basis, definitions are given for the noise figure,
exchangeable-power gain, and noise measure of a multiterminal-pair amplifier that is
used with a multiterminal-pair source. These quantities are derived and/or interpreted
by comparing a system with its noiseless and "gainless" equivalent — its equivalent
source network.

The optimization procedure is extended to multifrequency networks coupled in an
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arbitrary manner by a lossless nonlinear device that obeys the Manley-Rowe formulas.
In this context, the optimum noise performance of an ideal (lossless) double-sideband
parametric amplifier is examined for both the cases in which the noises in the two side-

bands are uncorrelated and partially correlated.
W. D. Rummler
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VIII. MAGNETIC RESONANCE

Prof. J. S. Waugh J. W. Riehl D. S. Thompson
J. D. Macomber C. G. Wade

RESEARCH OBJECTIVES

The activity of this group is centered on the study of the structure and atomic dynam-
ics of solids and fluids through experiments on nuclear and electronic magnetism. Work
is under way on six specific projects.

1. Structure of Liquid Dielectrics

Nuclear spin Hamiltonians of interest in magnetic-resonance experiments can be
expressed in terms of spherical tensors of rank 2, a circumstance that arises because
the nuclear moments involved are magnetic dipole and electric quadrupole. The secular
interactions, which give rise to shifts and splittings of the nuclear Zeeman levels, thus
have scalar parts and parts that depend cn the orientation of molecules through Yim(e, ).

In ordinary liquids, rapid molecular reorientation makes the anisotropic terms unob-
servable, inasmuch as the average of Ylm over a spherically symmetric probability

distribution vanishes. In a polar liquid subjected to an electric field, however, the prob-
ability distribution is no longer exactly spherical, and one expects to see small pertur-
bations of the nuclear-resonance spectrum which depend on electric field intensity E

2
and temperature T as (E/T)", and also on the local order in the liquid produced by
intermolecular forces. For molecules of known properties it becomes possible to meas-

ure such averages as Y20 through the nuclear-resonance spectrum. This information,
together with a knowledge of Y0 obtained from dielectric studies, is expected — for the

first time — to provide detailed information about the degree and type of local order pro-
duced by molecular interaction in dielectric liquids. It is also expected that such exper-
iments will throw light on the mechanism of electrical conduction in insulating iiquids.
The present state of our experiments is described in this report.

J. D. Macomber, J. S. Waugh

2. Magnetic Relaxation in Gases

Nuclear relaxation in monatomic gases such as helium is exceedingly slow, a fact

that has suggested the use of He3 nuclear moments in navigational gyroscopes. We
are studying the mechanisms responsible for such relaxation by performing tran-
sient magnetic-resonance experiments on gases at high pressures for which the relaxa-
tion is rapid enough to be measurable. We are even more actively studying nuclear
relaxation by similar methods in simple polyatomic gases, in which there are stronger
mechanisms arising from the anisotropy of the forces between colliding molecules. We
are at present attempting to get a detailed picture of these forces in the simple proto-
type system of hydrogen deuteride gas at low temperatures. We hope, in collaboration
with Professor Irwin Oppenheim, to arrive at an exact theoretical connection between
nuclear relaxation times and intermolecular forces for simple systems.

C. G. Wade, J. S. Waugh
3. Transport Properties of Dense Fluids
For a long time, a great deal of theoretical attention has been devoted to the general
problem of the nonequilibrium properties of liquids and dense gases. Despite the fact

that diffusion, viscosity, thermal conductivity, and so forth, are among the most clas-
sical subjects of experimental physical chemistry, almost none of the work that has been
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done is of direct use in testing transport theory. This is because of the necessity of
low temperatures and/or high pressures for obtaining high densities of fluids composed
of single atoms or small molecules. Also, one would like experimental values of trans-
port coefficients over wide ranges of temperature and density, since one would expect
transport theories to do a better job of predicting the form of temperature and density
dependences than of giving numerical values of the transport coefficients. Fortunately
the experimental difficulties of the classical methods are largely obviated, in the case
of diffusion, by the spin-echo technique of nuclear resonance. We have already used
this method to study the temperature dependence of self-diffusion in liquid ethane over
an extremely wide temperature range (see Quarterly Progress Report No. 64, pages 37-
39). We have now completed and tested a system for extending the same type of meas-
urements to high pressures. It will be used initially to study the experimentally con-
venient liquids CH4 and CZH(:’ and will then be extended to monatomic and other

polyatomic liquids.
J. W. Riehl, J. S. Waugh

4. Atomic Motion in Solids

Thermal relaxation of nuclei in solids typically occurs through the agency of mag-
netic dipole-dipole interactions, randomly modulated by the motions of nuclei with
respect to one another. In general, it is assumed that the time autocorrelation function
G(T) describing the statistical fluctuation of these interactions .##(t) is an exponential,
described by a correlation time TG

() =) Hwn) D= | HW)|F explor/x ).

This assumption, applied to solids whose atomic motions are thermally activated so that

Te = Teo exp(E/kT), has been very successful in identifying the atomic motions that occur

and determining the energetic barriers E that hinder them. An example from our recent
work is described in this report.

In general, where correlations exist between the motions of neighboring nuclei or
where the motion is complex in character, the assumption that a single correlation time
exists is certainly not correct. The nuclear relaxation time is still a measure of the
correlation function, being directly related to its Fourier transform evaluated at the
experimental resonance frequency. We are beginning a series of studies of relaxation
in various solids with the object of mapping out the correlation function experimentally
and finding out what sorts of departures from exponential behavior do occur typically.
Such work requires observing the relaxation of nuclear magnetization toward equilibrium
in an applied magnetic field whose strength is variable from a few to many thousand
oersteds. The usual procedure is to polarize the sample in a strong field and then
reduce the field quickly to the desired value. After a time, the field is restored to a
large value and the remaining magnetization is measured by means of a free-induction
decay or an adiabatic fast passage. Alternatively, the desired low magnetic fields can
be obtained in the rotating frame by means of Solomon's "spin-locking" procedure.

J. S. Waugh
5. Electron-Spin Resonance

A good deal of interest exists in the properties of magnetically dilute solutions of
transition metal ions in diamagnetic crystals, partly because of the applications of such
systems to optical masers. We are carrying out some optical and X-band electron spin-

resonance studies on the ci‘1 ion Cr"'2 in CaF, and SrF, single crystals. The object of
this work is to obtain an analysis of the Jahn-Teller effect through its influence on the
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F19 hyperfine interaction at low temperatures. We are also carryirg on some electron
spin-resonance work on solutions of rare-earth metals in liquid ammonia in the hope of
throwing some further light on the structure of these peculiar conducting liquids (see
this report).

D. S. Thompson, J. S. Waugh

6. Mdssbauer Effect

Isomer shifts and quadrupole splittings in recoilless gamma-ray spectra are known
to be related to the electronic structure of solids, but the theoretical interpretation of
these quantities ab initio is very difficult. We have done some preliminary studies of a
number of solid monosubstituted ferrocyanides having a range of tetragonal crystal field
strengths in an attempt to establish semiempirical criteria for the discussion of chemical
bonding. This work is now dormant, but results obtained thus far are partially discussed
in a paper that has been submitted to Applied Optics.

F. Mannis, J. S. Waugh

STATUS OF CURRENT PROJECTS
1. NUCLEAR MAGNETIC RESONANCE Or POLAR LIQUIDS IN ELECTRIC FIELDS

Detection of the small effects of dipolar interactions and anisotropy of chemical shift
on the nuclear magnetic resonance (NMR) spectrum of a liquid subject to an electric field
requires the greatest possible spectral resolution. In sample cells of most practical
designs the applied magnetic field is made inhomogeneous by the presence of the cell
structure and the sample itself, both of which have magnetic susceptibilities different
from that of the surrounding air. Small currents flowing in the sample also produce
inhomogeneous magnetic fields of their own. After much experimentation, we seem to
have solved the first of these problems by constructing long cylindrical cells containing
the sample liquid in a long cavity of rectangular cross section. The cell body is cast
from an epoxy resin that has been doped with rouge until its volume diamagnetic sus-
ceptibility matches that of the sample. The electrodes are sufficiently thin that they do
not appreciably distort the magnetic field. As far as the magnetostatic problem is con-
cerned, the sample cell can then be treated as an infinite homogeneous cylinder, inside
which the field is uniform. We have also tried long concentric glass cells in which the
sample and electric field appear in a thin annulus. The glass is coated with a chemically
inert semiconducting film (courtesy of Dr. D. W. Rice of the Corning Glass Company).
Such a cell avoids, in principle, both sources of field inhomogeneity mentioned above.
But it must be rapidly spun about its cylinder axis in order to average out the line broad-
ening that arises because the relative directions of the electric and magnetic fields are
different in different parts of the cell. This averaging reduces the observable effects
of the electric field on the NMR spectrum by a factor of four. This, together with the
complications inherent in making the necessary electrical connection to a rotating cell,
have resulted in our preference for the, perhaps less elegant, parallel-plate geometry.
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The above-mentioned sorts of spurious line broadening, as well as other forms of
interference, always occur to some degree when a strong electric field is applied to a
liquid whose steady-state NMR spectrum is being examined. Rather than trying to dis-
entangle the desired shifts and splittings from these adventitious effects by direct exam-
ination of changes in the NMR line shape, we are now employing a sideband technique.
Instead of a constant electric field, we apply an audiofrequency alternating field,
Eo cos w t. Its effects are conveniently described with reference to the proton resonance
of CH3N02. on whicn much of our work has been done. In the alternating field the res-
onance, previously a single line, splits into a triplet of intensity ratio 1:2:1 and spacing
3DHH' At the same time, sideband resonances appear at :L—Zwe from the main resonance.
These resonances have the form of doublets of spacing 6DHH. Their amplitudes contain
a component oscillating at the frequency Zwe with intensity proportional to a product of
Bessel functions: Jo(k) Jl(k)' where the modulation index k is given by k =
const, X Ecz/we' These sidebands are not present at all unless the desired electric~
field splitting exists, and their intensities, suitably measured with a lock-in detector
operating at the frequency Zwe. measure DHH' Calibration is conveniently made by com-
parison with a magnetic field modulation sideband of like frequency. In order to increase
the time during which the weak signals can be integrated, it is convenient to lock the
spectrometer into resonance by means of still another magnetic sideband, after the fash-
ion of Freeman and Anderson. ! The equipment for accomplishing this rather involved
situation has now been built and successfully tested, although refinement still continues.

A preliminary account of this work was given at the Eighth Jugoslav Summer School
of Physics, in Hercegnovi, September 1-7, 1963, and will be published in the Proceedings
of this conference.

The polarization of a liquid by an electric field introduces into the spin Hamiltonian,
among other things, a dipolar interaction for each pair of nuclei:

(1j) _ T
3q" = Dy L= 35050
where

2
v;v;h

. S

D.. = r?. <P2(coseij)/.

1)
1

Here, eij is the orientation of the internuclear vc-tor Eij with respect to the magnetic
field H. The average with respect to eiJ is related to the averaging of the molecular
dipole moment p in the electric field E (described by an angle ¢) as follows:

<P, (cos eij)> = <P2(cos ¢)> P, (cos a) P,(cos B,),
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where a is the angle between E and g, and ﬁi. is that between B and Eij‘ Observation
of dipolar splittings in the NMR spectrum of a molecule of known structure thus permits
a determination of <Pz(cos ¢)>. Both this quantity and <cos¢>, which for highly polar
liquids is approximately obtainable from the dielectric constant €:

(e-i) E
e (¥
<cosy>= N)'

4T
are characteristic of the angular distribution of molecules in the electric field. For a
fluid without intermolecular forces, this distribution is proportional to exp(RE cos $/kT),
and leads to

rE

2
RE
<cosy> = %(-ﬁ). <P2(cos ¢)> = %(ﬁ) o

In dense fluids, in which intermolecular forces are important, either of these may be
made consistent with experiment if E is replaced by an "effective field" F that is imag-
ined to represent the effects of neighboring molecules. For this concept to be physically
meaningful, the same value of F must be used in both of the above-mentioned averages,
and leads to the requirement

ns <P2(cos ¢)>/<cos¢>z =%.

The combination of the electric-field NMR experiment and measurements of dielec-
tric constant thus provide a measure of the extent to which specific intermolecular forces
ca:use the distribution function to depart from a basically independent-particle form
describible by an effective field. Such departures may in fact be very large: The results
obtained by Buckingham and McLauchla.n2 on the moleculeg-nitrotoluene, together with
the dielectric constant (estimated to be 20.5 + 0.5 at the temperature of their NMR
experiment), give n= 4.

The absolute value sign on this result reflects the possibility that certain rather spe-
cial types of local ordering in the liquid might lead to a negative value for Pz(cos ¢). Such
a situation (considered very unlikely in this case) would require a reversal of the argu-
ment by which the above-mentioned authors have determined the absolute sign of the indi-
rect spin-spin coupling constant Jij’

J. D. Macomber, J. S. Waugh
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2. NUCLEAR RELAXATION IN XENON TETRAFLUORIDE

The spin-lattice relaxation time Tl of the F19 nuclei in polycrystalline XeF4 has
been measured between approximately 77°K and 400°K. (See Fig. VIII-1.) At low

Fig. VIII-1. Spin-lattice relaxation of F19 in crystalline
XeF4. The relaxation time, Tl’ is plotted

on a logarithmic scale against the recipro-
cal of the absolute temperature. Measure-
ments were made at 30 mc. The straight
line is drawn for an activation energy for
molecular motion of 12. 0 kcal/mole.

1
45 4,0 3.5 3.0 2R S)
16/ T (k)

temperatures Tl is roughly constant at approximately 103 sec, but at higher tempera-
tures it drops proportionally to exp(E/RT). The activation energy is 12.0+ 1.5 kcal/mole.
The molecular motion responsible for relaxation is evidently an activated reorientation
of XeF4 molecules in situ, These results are consistent with a previously reported line-
width transition in the neighborhood of 250°K. Details have been submitted for publica-
tion to the Journal of Chemical Physics.

C. G. Wade

3. ELECTRON-SPIN RESONANCE OF METAL-AMMONIA SOLUTIONS

The well-known blue solutions of alkali metals in liquid ammonia exhibit a single
sharp paramagnetic resonance absorption. This single resonance has been attributed
to "solvated free electrons" formed, for examole, in the reaction:

+ NH

ot -
Nametal) ¥ NH3 (13quid) = N3(inliq. NH,) * ©(solvated) 3 (liquid)’

There has been considerable speculation concerning the degree to which the metal
ions and the "solvated electrons" are associated. Knight Shifts of the Na23 resonance
indicate an appreciable spin density of "solvated electrons" at the sodium nucleus in
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sodium-ammonia solutions. This has led to a model that considers the electrons to be

very closely associated with the sodium ions in solution — forming "expanded atoms.”
Indeed, concentrated solutions of metals in liquid ammonia have a metallic luster, and
are very metallic in their electrical properties.

We have prepared and measured the paramagnetic resonance spectra of solutions of
Europium metal in liquid ammonia. It was predicted that this rare-earth metal-ammonia
system, which is qualitatively similar to alkali metal-ammonia systems, might further
elucidate the electronic structure of metal-ammonia solutions, in that the Europium
cations as well as the "solvated free electrons" might be expected to exhibit paramag-
netic resonance absorption. This has been found to be the case.

Work is now in progress to measure the line shapes and linewidths of these para-
magnetic resonance spectra of Eu-NH3 as a function of concentration and temperature.
Future work will include study of the absorption spectra of these solutions from the near
infrared to the ultraviolet.

Recent experiments indicate that Eu metal may also dissolve in very pure tetrahy-
drofuran and dimethoxyethane, thereby giving blue solutions. It may also be possible
to study metal-ammonia solutions of other rare-earth metals.

D. S. Thompson
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IX. X-RAY DIFFRACTION STUDIES

Prof. B. E. Warren
R. L. Mozzi

RESEARCH OBJECTIVES

The work of this group is concentrated on the application of x-ray diffraction methods
to the study of problems of interest to solid state physics. Applications of current inter-
est are:

1. The determination of interatomic force constants and elastic-wave frequency dis-

tributions in simple structures from a measurement of the temperature diffuse scattering
of x-rays. An application to gold is now in progress.

2, Measurement of long-range and short-range order parameters in binary alloys
that show order-disorder changes. A new interpretation of short-range order in Cu3Au
is developing from present studies.

3. Studies of the imperfections that characterize the structure of real materials, in
particular the nature of cold work in a deformed metal. Present applications are to the
study of deformation in ordered Cu3Au.

4. Development of the technique for x-ray diffraction study of the structure of non-
crystalline materials. Present application is to the simple glasses SiOz and B203.

B. E. Warren
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X. SOFT X-RAY SPECTROSCOPY

Prof. G. G. Harvey

RESEARCH OBJECTIVES

The soft x-ray spectroscopy program has as its objective the experimental study of
the structure of the conduction band of electrons in a series of metals, particularly the
alkalis, alkaline earths, and some of the transition metals. The filled portion of such
a band can be studied by observing the emission spectrum produced by transitions from
this band to the nearest available sharp levels below this band. In most metals this cor-

responds to an energy in the range 15-250 ev (wavelength in the range 900-50 A), so that
techniques of extreme ultraviolet vacuum spectroscopy need to be used. The energy
widths of these bands usually lie in the range 2-10 ev.

In order to avoid serious contamination of the metal that is being studied, an ultra-

high vacuum (5 X 10"10 Torr) spectrometer has been constructed. Another feature of
the device is the elimination of the usual ruled grating as a dispersing element. Anal-
ysis of the emission spectrum is accomplished by using a neutral atomic beam from
which photoelectrons are ejected after absorption of the x-rays to be analyzed. This
instrument has been completed and some preliminary tests have been run.

This project is temporarily inactive because of lack of manpower.
G. G. Harvey
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XI. MECHANISM OF ENZYMATIC REACTIONS*

Prof. G. G. Hammes
J. E. Erman
T. B. Lewis

RESEARCH OBJECTIVES AND SUMMARY OF RESEARCH

In recent years, considerable effort has been expended in the elucidation of biochem-
ical mechanisms utilizing physical chemical techniques. This project, while still making
use of general physical chemical techniques, is primarily concerned with kinetic studies
of chemical reactions of biochemical interest. A number of techniques have been devel-
oped recently which permit the study of chemical reactions with half times as short

as 5x 10 0 sec.l The advantage of being able to carry out kinetic studies over an
extended time range is that the entire course of a chemical reaction can be observed.
Since reaction intermediates are directly detected, detailed chemical mechanisms can
be obtained.

The work that is being done can be divided roughly into two catagories: the study of
model systems, and the study of biological systems themselves. DBy studying relatively
simple model systems, complex biological processes can be better understood. In this
connection, studies of the interaction of metal ions with amino acids, peptides, phos-

phates, and polymers have been carried outz in an effort to understand the role of metal
ions in enzymatic catalysis. Since macromolecules are necessary for almost all bio-
logical processes, chemical relaxation processes of simple polymers, polypeptides,
proteins and polynucleotides are being examined, particularly with regard to the possi-
bility of fast conformational changes.

In addition to model systems, several enzymatic systems are being studied. Results

are already available in two cases, aspartic amino transferase and ribonuclease.3’4t
Some detailed information about the nature and number of reaction intermediates has
been obtained. As a result, considerable insight into the elementary steps in enzyme
mechanisms has been gained. Since the structure determination of macromolecules is
now feasible, it should be possible ultimately to understand enzymatic mechanisms on
a molecular basis.

G. G. Hammes
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XII. PHYSICAL ELECTRONICS

Prof. W. B. Nottingham
J. L. Coggins
L. E. Sprague

RESEARCH OBJECTIVES

1. Theory of Energy-Conversion Electronics

The effectiveness of energy conversion by means of thermionic emission from an
emitter depends upon the existence of a suitable difference in work-function between
the emitter and the collector. Many aspects of the physics of electronics are involved
in this application and need to be examined in considerable detail, with theory compared
with experiment. Thermionic converters are, at present, very difficult to make. The
application of thermionic-emission theory, gas-discharge theory, and space-charge
theory all contribute to a better understanding of the phenomena found in practical
converters. It is, therefore, one of our objectives to organize these various branches
of physics and relate them to experimental work that is generally carried on in other
laboratories.

2. Determination of Current-Voltage Characteristics of Solid-State Devices

Some studies made on transistors furnished by Fairchild Semiconductor Corporation,
Mountain View, California, have shown interesting current-voltage characteristics
relating the current conducted through the transistor to the emitter-to-base voltage.
Quantitative measurements of these functions, as well as the transfer characteristics,
are to be investigated under various operating conditions, including the control of
ambient temperatures.

3. Ionization Gauge Control

Circuit devices relating to ionization gauge control experiments indicate that greater
versatility would be advantageous. Development in the area of ionization gauge control
will continue.

My activity in the general field of Physical Electronics at the Research Laboratory
of Electronics is gradually being concluded in anticipation of my retirement at the end
of the present academic year.

W. B. Nottingham
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XIII. PHYSICAL ACOUSTICS*

Prof. K. U. Ingard Dr. H. L. Willke, Jr. J. H. Turner
Dr. L. W. Dean III P. A. Fleury V S. D. Weiner
Dr. G. C. Maling, Jr. K. W. Gentle J. M. Witting

W. M. Manheimer

RESEARCH OBJECTIVES

Our general objective involves the study of the emission, propagation, and absorp-
tion of sound and vibrations in matter. Specific areas of current research in fluids
include generation and propagation of sound waves in ionized gases, nonlinear acoustics
and shock waves, and problems dealing with acoustic and flow instabilities.

In solids the attenuation of ultrasonic waves at the order-disorder transition in
alloys is being investigated.

K. U. Ingard
A. SOUND EMISSION FROM KARMAN VORTICES

The balance described previouslyl has been used to measure the drag force on a
cylinder in an air stream. Of particular interest is the magnitude of the drag force
when the frequency of Karman vortex
shedding from the rod is coincident with a

g cross resonance of the duct. Some experi-
2.5x 107 —~

mental data are presented in Fig. XIII-1.

It can be seen that the drag force is gener-
TUBE RESONANCE

5+ ally proportional to VZ, where V is the

2.0 x 10 .
ROD . s
mean flow velocity. When the coincidence

condition described above occurs (indicated

1.5%x10° |

by vertical arrows in Fig. XIII-1), there is

a slight increase in the drag force. The

5

1.0 10° |- data shown are for rods 3/8 in. and 3/16 in.

DRAG FORCE (dynes)

in diameter. It was not possible to reach

s flow velocities large enough to obtain the
0.5x 107 [~

resonance condition with a rod of 0.5-in.

diameter.

0 ' ! ) Also, we found that the frequency of the
0.5x 10% tox it 1.5% 10

) . radiated sound (fs) tended to "lock in" with
(m/sec,

Y ! the cross-resonance frequency (ft) of the

Fig. XIII-1. Drag force as a function tube. As the velocity past the rod of 3/8-in.

of flow velocity for rods

of 3/8-in. and 3/16-in.

diameter. change abruptly at 650 cps and dropped to

diamet¢r was decreased, fs tended to

*This work was supported in part by the U.S. Navy (Office of Naval Research) under
Contract Nonr-1841(42).
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XIV. ELECTRODYNAMICS OF MOVING MEDIA

Prof. L. J. Chu
Prof. H. A. Haus
Prof. P. Penfield, Jr.

RESEARCH OBJECTIVES

We are developing the fundamental equations of electrodynamics (for both electro-
magnetism and dynamics) of moving and deforming material, especially dielectric
and magnetic material. The ultimate goal is the determination of the macroscopic
force acting on a continuum, and the distribution of that force as a function of space
and time. The fundamental equations must be consistent with (a) the special theory
of relativity; (b) electromagnetism of free space; (c) electromagnetism of stationary
bodies; (d) relativistic continuum mechanics of solids or fluids without electromagnetic
fields; (e) thermodynamic measurements of the various kinds of power flow; and
(f) nonlinear material properties. Thus far we have obtained equations for nondisper-
sive conservative media. Work is now in progress on media showing dispersion both
in time and/or space. We intend to extend the equations to irreversible phenomena.
Also, the connection between the equations for nonlinear media and their corresponding
small-signal formulation will be explored.

Use of these equations in specific situations is contemplated (a) to illustrate the
equations and the various approximations, and (b) to predict novel effects, with a view
toward testing for these effects experimentally.

A history of this problem was given in Quarterly Progress Report No. 70, July 15,
1963, pp. 79-82.

L.. J. Chu, H. A. Haus, P. Penfield, Jr.

A. INTERPRETATION OF RELATIVISTIC FORCE DENSITY IN MOVING
POLARIZABLE AND MAGNETIZABLE MEDIA

We have previously reported1 an expression for the relativistic force density within
a moving and deforming magnetizable and polarizable consecrvative (isotropic) fluid in an
electromagnetic field. The force density is

e Tn +FVE+ @MV E+TX B V) H-7X (WM V)€ E

+[—§;§+v-($ﬁ)] X poﬁ- l:%(p.oﬁ)+V' (Vpoﬁ):l X eOE
3 veT — _ vew —
- Bt ?(no+wo) + GN -V <V —Ci'(rro+wo) + GN o (1)
Here, P is the polarization density, M is the magnetization density, T is the sum of
the electrostrictive, magnetostrictive, and hydrostatic pressures as observed in the rest
frame, Vv is the velocity of the fluid, and

2

Y = — _ _— — = —
Gy = —-E-[(v'P)(E+v>(p.oH)+(v'p-oM)(H-vX GOE)]. (2)
c
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This expression has been obtained in two ways: by application of Hamilton's principle
to an appropriate Lagrangian, and by the principle of virtual work applied to a fluid ele-
ment in its rest frame and a subsequent relativistic transformation. For both of these
derivations, thermodynamic information was used to obtain the appropriate energy func-
tion.

It is possible to obtain the same expression for the force density without the pressure
term L from a simple model of a polarizable and magnetizable fluid without recourse
to thermodynamics. This model gives insight into the significance of the various terms
and, therefore, is presented here. For sake of brevity, and without loss of generality,
we shall limit ourselves to a polarizable fluid because the way to include magnetization
effects will be self-evident. We shall then show how the pressure term may be included
phenomenologically.

We consider a fluid consisting of noninteracting electric dipoles, each of vector
strength

P = qb, (3)

where q is the magnitude of the charges, and & is the vector distance between them.
We interpret the dipole strength (3) as that observed in the laboratory frame in which
the dipole (its center of mass, to be precise) may possess an arbitrary velocity v. If
this velocity is relativistic, the dipole strength p observed in the laboratory frame is
not the same as that observed in the rest frame. The dipole strengths differ because
of the relativistic contraction of the component of & in the direction of motion. For
simplicity, we assign the entire mass of the dipole to the negative-charge portion of the
dipole and ascribe to it the velocity v(r). The positive charge of the dipole then moves

with velocity

v, () = () + 22

The forces acting on the dipoles are assumed to be long-range forces only. Thus a
fluid of this kind cannot exhibit pressure or electrostrictive effects and we cannot expect
to reproduce the term Vrro in Eq. 1. The net force acting on a dipole as evaluated in
the laboratory frame is obtained as the vector sum of the force acting on the positive
charge of the dipole and that acting on the negative charge. We must take into account
the possible variations of the electric and magnetic fields over the distance §. We obtain

F = aE@+d) +v, () X p H(E+5)] - o[Elr) +v(r) X p H(r)]
d&

=qbé 'VE+qup.o(6'V)H+ qa?-x poH. (4)

The polarization density P of the dielectric fluid is the dipole strength per unit volume.
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If N is the number of dipoles per unit volume, then
P-= ng. (5)

The expression for Fd in Eq. 4 can be converted into a force density per unit volume by
adding the forces acting on all dipoles per unit volume

AN, =T VE+7X uB -+ | 2P4v-@D) X u B
fd-Nfd_T‘ VE+vX|.I.0P VH+[at+v (vP)]XpoH. (6)

Here, we have used the continuity law satisfied by the dipole number density

2N+V-@wN) = 0. ("

The entire force density (6) is not utilized in the acceleration of the fluid mass density
(considered here to be associated with the negative charge). The binding forces between
the positive and negative charges store energy. Energy in motion acquires momentum
according to the relativistic transformation laws. Furthermore, a stress is introduced on
a volume element dv containing the mass associated with the negative charges. Indeed,
if one draws the boundaries of this volume element in the rest frame taken to be a rec-
tangular parallelepiped, one finds that the binding forces of all those positive charges
just outside the element, whose negative partners are inside the volume element, pass
through the boundary. The net force passing the boundary dyodzo is equal to the product
of the force (qﬁo) within each dipole times the number of dipoles piercing this boundary

(N6 dyodzo). For the net force per unit area we have

n- P E,
oo

where n is the unit vector normal to the element dyodzo and the subscript o indicates
that the quantities are those observed in the rest frame. We conclude that the polari-
zation of the fluid is accompanied by a stress of tensor strength FoEo' Relativistically,
a stress in motion possesses momentum. The force density fd in Eq. 6 must overcome
the time rate of change of this momentum, that of the momentum associated with the
energy stored in the dipoles, and the inertia associated with the mass of the fluid. The
momentum associated with the stress energy tensor in the rest frame,

A P , (8)

can be found by conventional relativistic transformation methods for a stress-energy
tensor as GF = YZWOV/CZ + E'-N’ where GN is given in Eq. 2. The force density fk pro-
ducing the acceleration of the fluid is that portion of ?d that remains after the force den-

sity responsible for the total rate of change of the momentum GP has been subtracted.
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eF -8 &P _U. 5GP\ =B -UT 4 v X(P. T4+ |28 so. (o =
Ek-fd 5t G -V (7GR =P - VE+ v X(P V)poH+|:%+V (vP):|Xp.oH

_% I:VTYZWO + GNi] -v {Vliiz YZWO + E‘N]}' 9)
[of C

This equation agrees with (1) if magnetization effects are omitted and e is set equal to
zero. In this way, we have found a simple interpretation for most of Eq. 1. The gen-
eralization to a fluid exhibiting magnetization is easy. Pressure effects and electro-
strictive effects can be included phenomenologically by assigning, instead of the tensor

(8), a new energy momentum tensor in the rest frame
™., 0000¢ 2 (10)

The kinetic and electrostrictive pressure contribution o is entered in the stress part
of the rest-frame energy momentum tensor. The inclusion of w has two obvious con-
sequences. First of all, it contributes through its gradient to the force density; second,
it contributes to the momentum when the tensor (10) is evaluated in the laboratory frame.
This is exactly the way in which the inclusion of pressure affects Eq. 1.

H. A. Haus, P. Penfield, Jr.
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XV. PLASMA PHYSICS®

Prof. S. C. Brown F. X. Crist R. L. Kronquist

Prof. G. Bekefi J. K. Domen J. J. Linehan

Prof. K. U. Ingard E. W. Fitzgerald, Jr. D. T. Llewellyn-Jones
Prof. D. R. Whitehouse D. L. Flannery J. J. McCarthy

Dr. J. C. Ingraham G. A. Garosi W. J. Mulligan

M. L. Andrews W. H. Glenn, Jr. J. J. Nolan, Jr.

V. Arunasalam E. B. Hooper, Jr. G. L. Rogoff

C. D. Buntschuh P. W. Jameson F. Y-F. Tse

J. D. Coccoli B. L. Wright

RESEARCH OBJECTIVES

The aim of this group continues to be the study of the fundamental properties of plas-
mas. We have been placing particular emphasis on plasmas in magnetic fields, plasmas
of high percentage ionization at low pressures, and most recently on a plasma showing
turbulence in high- speed flow.

We are also studying ways of determining the characteristics of plasmas by means
of very far infrared optics in the wavelength range 0. 1-1 mm, and by means of optical
lasers.

The infrared diagnostic techniques are closely correlated with our continued effort
to improve the more standard microwave methods. Most of our microwave techniques
at the present time involve the study of microwave radiation from plasmas, with and
without magnetic fields.

Theoretical work has been concentrated on the study of waves in plasma, turbulence
in flowing gases, and the statistical nature of plasmas.

S. C. Brown

A. SCATTERING OF MICROWAVES FROM "COLLECTIVE DENSITY
FLUCTUATIONS" IN PLASMAS

The dispersion relation for a plasma of electrons and ions in general has two roots
(normal modes). One of these normal modes is the high-frequency optical mode (the
electron plasma oscillations) in which the electrons and ions move out of phase, and the
other is the low-frequency acoustic mode (the ion plasma oscillations) in which the elec-
trons and ions move in phase. If one produces a plasma in which the electrons have a
steady drift velocity with respect to the ions, then the velocity distribution functions take
the forms

1

£ (v) = exp{—(v-vd)z/:Zv%] (la)

2mv_

and

*This work was supported in part by the U.S. Atomic Energy Commission (Contract
AT(30-1)-1842); and in part by the U.S. Air Force (Electronic Systems Division) under
Contract AF19(604)-5992.
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1

f, (v) = exp|:—vz /?.vi]. (1b)

2m v

Here, for the electrons and ions,

It is clear from expression (la) that f_(v) increases as v increases for electron veloc-
ities v < vy If this drift velocity is large enough for the phase velocity of any one of the

normal modes mentioned above to satisfy the inequality vp =-‘l‘:—s v ,, then it is possible

for the waves of that normal mode to grow in amplitude. ¢

Such a growth in the amplitude of the wave is a consequence of the transfer of the
Yextra" kinetic energy of those electrons whose velocities lie in the neighborhood of the
phase velocity of the wave to that wave under consideration. If, furthermore, the wave
frequency is sufficiently large compared with the frequency appropriate to the damping
mechanism (that is, the collision frequency), then it can be shown that the growth rate
of these waves can exceed unity. Thus for sufficiently large drift velocities and suffi-
ciently low collision frequencies, it is possible to have plasma wave instabilities. It
can be shown that the density-density correlation function corresponding to the "collec-
tive density fluctuations" exhibits a huge increase as the plasma from a region of stabil-
ity approaches a critical point corresponding to the onset of the above-mentioned plasma
wave instabilities. Consideration of the theory of electromagnetic wave scattering leads
us to predict enormously increased scattering of the electromagnetic radiation from such
"collective density fluctuations." In such a scattering the difference between the fre-
quency of the scattered radiation and the frequency of the incident radiation is equal to
the frequency of the wave responsible for the scattering, and the scattering cross sec-
tion is approximately proportional to the potential energy of the wave responsible for
the scattering.

Once the instability sets in, the amplitude of the "plasma oscillations" presumably
becomes sufficiently large that nonlinear effects such as the coupling between plasma
modes of different wavelengths begin to play a role. This coupling will cause the modes
of lower wave numbers to decay into modes of a higher wave number. The higher wave-
number modes decay, in turn, into still higher wave-number oscillations, until pre-
sumably those oscillations whose wave number is approximately equal to the reciprocal
of the Debye length decay into fine-grained random or thermal motion. Since these
oscillations grow by absorbing the necessary energy from the directed particle motion,
we conclude that the relative drift velocity will tend to saturate near the threshold for
creation of those high wave-number unstable coscillations that are capable of decaying
directly into a fine-grained random or thermal motion.
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Ic:himaru.l Ichimaru, Pines, and Rostoker,2 and Pines and Schrieft"er3 have analyzed
the theory of the plasma wave instabilities in detail. They point out that the scattering
of electromagnetic waves by electron density fluctuations in a plasma is determined by
S(E,w). the Fourier transform of the electron density-density correlation function. The
differential cross section, dza'/dﬂdw, for the transfer of momentum hk (for scattering into
a solid angle d22) and energy hwfrom an electromagnetic wave to the electrons in a
plasma is given by

2

2 2

d : 1.2 =

dQcL =< £ 2) (l -5 sin 9) S(k,w), (2)

m_c
where 6 is the angle between the incident and scattered waves. S(T:.w) is defined as

N 3 L - . ik T-

S w) =22 S' d?f dt <1(r'+?,t'+t)n(r',t‘> e ik r-wt) (3)

L3 e

where N is the total number of electrons in a volume L3, n(?,t) denotes the electron
number density, and the angular brackets refer to a statistical average over the electron
states. The measurement of the intensity of radiation scattered into a given angle yields
directly the structure factor S(-l?), which is

o0
S(k) =ﬁl—§ o S(K,w). (4)

By using the distribution functions given by Egs. 1 in the Boltzmann-Poisson equations,
Ichimaru and othersl'3 derived an expression for the longitudinal dielectric coefficient
e(l-:. w). By letting Im E[l?,w(f?)] = 0, they obtained the boundary between the growing and
damped ion acoustic waves. They represent this boundary by a curve V‘d(ﬁ) in the V. -12

d
plane, and the equation of this boundary is given by

vylk) = vdl(k) + vdz(k)- (5)
Here,
vdl(k) (m_/m+)1/z m, 1/2 T 3/2 WA
= = 1+ -m—- T— exp _E —2—2+ 3 (6)
[1+(kz/k5]1/z - + 1+ k“/k°
and
vq,® 5 [4k% K2)37/2 .
Vo TeT, Kk )
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where U is the relaxation time of the ions, w, = 21rf = (4Trn e /m )1/2. and k_ =
(41rn_e2/KT_) . Letting Re elk, w(k)] = 0, we obtain the dispersmn relation for the ion

acoustic plasma osciliations:

f w
=2 - . (8)

k2 £

- _|+
S (9)

kZ fZ

From Egs. 5-7 we can define a critical point kc as that wave vector for which, with
increasing drift velocity ?d' the ion sound wave first becomes unstable. Let Eo= vd(kc)
be the associated minimum drift velocity for instability. Using such a notation, they
show that just at the onset of the ion acoustic plasma wave instability the dynamic form
factor S(X_;,w) and the structure factor S(l_{‘) are given by

1 1/2
N
(k,0) = (10)
erit Vzr kv_ |{1-folo? &2 w{l(v v v (A5 _F /2
s (m_/m e
Sepitl )=?_l E — (11
ert {lv v v+ v v S AD}
for k% < k% and k_= 0.
For sufficiently large temperature ratios (say, T_/T+ > 10),
vi o |1 o2 _srs1/z| (m N2
VR \\T,) °© “\m, ) (12)

Using Egs. 5-7 we have plotted Fig. XV-1 for a bydrogen plasma. Here (m /m_'_)l/2 =
1/43. For (T_/T+) = 25 and 500 Sw, T, <1000 we see from Fig. XV-1 that k = 0, and

+ 4
i for "marginal stability," and (v /v_) ——(m /m )1/2. Under these conditions,
crit(k) of Eq. 11 reduces to the approximate form
, LK
& =t (13)
2 2
crit (k /kE) K
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FOR(T./T,)=25
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Fig. XV-1. Boundary between growing and damped waves as
a function of drift velocity.

Using Eq. 9, we can go from momentum space to energy space, and, by using Eq. 13,

we can define the structure factor in energy space appropriate to the critical condition:

2 2
8.0 = [(£ /£)-1).

(14)

If we measure the intensity of the scattered radiation collected over all angles 6 » eo

around the critical angle ec as a function of frequency f, then, with the aid of Eq. 2, we

are led to relate the total cross section rrc(f) to the Thomson cross section o, =

%'(e?‘/m_cz)2 as
o () = o S ) = o [(2/1)-1]

and

o () = 51_1]33//?;- (—g—f—)e df,

(15)

where B is the bandwidth of the detector instrument, and

6
c

-1
2 sin (kc/Zki)

6
o

2 sin ' (k_/2k,).

(16)

Here, ki is the wave number that the incident radiation will have inside the plasma, and

this is related to the wave number ko of the incident radiation in free space by the
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relation ki = ko Re [51/2], where € is the dielectric coefficient of the plasma appropri-
ate to the incident radiation. If the plasma is in a magnetic field, € will depend on the
directions of E and 1_;0 with respect to the magnetic field.4 Furthermore, it is quite
likely that condition (16) need not be satisfied in the presence of a uniform magnetic field
ﬁ. since the vector potential for such a B field may be written as A= % ]_':’: X?:: -@‘f(r),
where {(r) is any arbitrary function of the coordinate. This arbitrariness in A gener-
ally allows us to ignore the momentum conservation relations, since the canonical
momenta of electrons and ions responsible for the wave are also arbitrary to some extent
when a magnetic field is present.
The scattered power is given by
Ps(f) = n_o’c(f) (volume of scatterer) (—incidgi‘lzsower) 5 0n

It is interesting to note from Eqs. 15 and 17 that for £ « £

o, (f) ~f% (18)

and
nZ
Pl "2 (19)

in which we have used the reasonable assumption that n_ = n_®n (say).

The discharge current is generally given by

(J /area) = j = nev . (20)
If the drift velocity saturates and the area remains constant, then Eqs. 18-20, for f2 «
2 .
f+. give

- 2

o () ~ (I/E7) (21)
and

P_(f) ~ (3% /7). (22)

It should be noted that this analysis assumes that the drift velocity is in the direction of
K of the ion acoustic wave responsible for the scattering.

The experimental arrangement is illustrated in Fig. XV-2. The over-all length of
the discharge tube used for the production of the plasma is approximately 15 cm, and
the diameter of the Pyrex plasma tube is approximately 2 cm. The distance between the
two probes on either side of the scattering volume is approximately 6.5 cm. The cathode
is an oxide-coated tungsten spiral. The shield around the cathode is a cylindrical can of
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molybdenum. The shield is tied to cne of the cathode leads and insulated from the other
cathode lead by an insulation bead. The face of the water-cooled anode is of stainless
steel and the rest of it is of copper. A magnetic field of 2290 gauss was applied parallel
to the axis of the discharge tube with the aid of an electromagnet.
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Q = 2000 ~20db 100~
CRYTSQI'AL DIRECTIONAL ISOLATOR
AND WAVEMETER COUPLER ~30 db
METER ~15db T
l KLYSTRON
" ISOLATOR AND
VAGSUM ~30 db E.H. TUNER
SYSTEM -l /'\ .
I PROBE-I 0=\ PROBE-2
CATHODE F PLASMA * WATER-COOLED ANODE
AND —=22TA —_—
SHIELD B=22906G D
HORN
PRECISION DICKE
VvARIABLE | JRESONANT| [isoLaTor] | EEA\S/%"#ANT | JisoLATOR] | RADIOMETER
ATTENUATOR ~304db ~30db SYNCHRONIZED
50 db Qe 2000 QEIe000 T0 100

Fig. XV-2. Experimental arrangement.

In the actual experiment the discharge tube was initially evacuated to a pressure of
10_7 mm Hg, and hydrogen gas from a litre bottle attached to the vacuum system was
admitted into the discharge tube until the pressure was 80 |- Hg as read by the McLeod
gauge. The maximum discharge current used for the measurement was 1 amp. Readings
were taken for discharge currents in steps of 1/10 amp. The voltage across the two
probes was measured for each current. This voltage varied from 19 volts to 25 volts
as the discharge current was increased from 0.1 amp to 0.3 amp, but remained rela-
tively constant (within £2 volts of 26 volts) for the range 0.3-1.0 amp. There were no
visible dark spaces in the discharge. In appearance the plasma is of cylindrical shape,
with a 4-mm diameter, and extends from cathode to anode.

The incident X-band microwave power was supplied by a Varian X-13 klystron, and
the incident frequency was varied from 9140 mc to 9380 mc by steps of approximately
8 mc for the purposes of scanning the scattered spectrum. With the aid of the direc-
tional coupler, wavemeter, crystal, and meter in the incident line, the frequency of the
incident power was read directly in megacycles, and the incident power was held
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constant as the frequency spectrum was scanned. The Dicke radiometer and ali of the
resonant cavities in the detector line were tuned to a fixed frequency of 9255 mc. The
incident power of approximately 90 mw (only 1/36 of this power reaches the plasma
because of attenuation of approximately 16 db in the line) was modulated in the line by
the ferrite switch at 100 cps, and the radiometer was synchronized to this modulation
frequency. With the aid of the three resonant cavities, each of Q@ = 2000, we were able
to avoid any direct pickup as the incident frequency was brought to approximately 7 mc
on each side of the detector frequency. The horns used in the incident and detector lines
are X-band to C-band transitions. The E and X vectors of both the incident and detec-
tor lines were kept perpendicular to the uniform magnetic field of 2290 gauss.

The ion density, n_ = n, was determined from the ratio (slope/intercept) = fi of the
straight-line graph in Fig. XV-6. The electron density n_ = n, measured by determining
the plasma "cutoff" condition of the extraordinary wave, was found to agree reasonably
with this value of the ion density. The drift velocity was then calculated with the aid of
Eq. 20. Also, from the knowledge of the measured values of E/p, where p is the pres-
sure, the drive velocity was calculated. The value of the drift velocity as given by Eq.20
was found to be five times larger than that given by E/p measurements. With the aid of
Sanborn C. Brown's data,5 under the assumption that the ions are approximately ten
times hotter than the background gas (that is, T+ =% ev), we estimated the values of
T_/T+, T, = 1/v+. and v_. The bandwidth of the radiometer was measured by comparing
a known fraction of the klystron power with that of a standard noise tube of known radi-
ation temperature: P = kTB.

Experimental data are summarized below.

Data and Results

Gas Hydrogen

u

Pressure of gas 80 1 Hg

u

Plasma electric field E 4 volts/cm

E/p

Variation in E/p as current was varied from
0.1 amp to 0.3 amp

u

50 volts /cm-mm Hg

u

10 volts /cm-mm Hg

Variation in E/p as current was varied from

0.3 amp to 1.0 amp 4 volts /cmm-mm Hg

u

Diameter of the cylindrical plasma column = 0.4 cm
Scattering length of plasma column = 5cm
Total length of plasma column = 11 cm
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Data and Results (continued)

Magnetic field, B 2290 gauss
The electron-cyclotron frequency fb 6400 mc

The ion plasma frequency f+ calculated from

Fig. XV-6. Here, J is the total discharge
current in amperes 140 NJ mc

The electron plasma frequency f_ = 6000 NJ mc

The electron density n_ = n 4.5% 10! 5/cm3

u

For incident frequency of 9200 mc, the plasma cutoff
condition for extraordinary wave occurred at ® 0.9 amp

u

For the electron plasma frequency f_ this gives 5400 ¥J mc

Drift velocity calculated by using n_ and Eq. 20 1.1x% 108 cm/sec

a

Drift velocity calculated by using E /p and

Fig. 3.2 of S. C. Brown® 2% 107 cm/sec

u

Electron temperature T_ calculated by using E /p and
Fig. 3.53 of S. C. Brown5

(KT_)‘ /2

The value of (vd/v_) was in the range 0.14 < (vd/v_) < 0.76

u

6 volts

1.45 % 108 cm/sec

u

(T_/T+), by assuming T, = 1

T volt ® 24

for T, =—volt by using Fig. 1.50 of

+ T+ +
S. C. Brown® ~ 1.2 mc
w T = 21rf+-r+ = 730 NT
Power sent out by klystron (=16 db loss on line) = 90 mw
Incident power for scattering = 2.5 mw
Measured bandwidth B of radiometer = 0.75 mc

In Fig. XV-3 we have plotted the scattering cross section o-c(f) as a function of (f/f+)
as given by the theoretical equation (15), and in the same figure we have shown the
experimental measurements of o-c(f), in which the point corresponding to o’c(f) = 400 c,

was fitted to the theoretical curve. In pletting the data taken at currents of 0.3, 0.4,
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0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 amp, we have made use of Eq. 21 and the relation that
£ = NJ . This graph seems to confirm the correctness of Eqs. 15 and 21. In Fig. XV-4

400~ EXPERIMENTAL POINT FITTED
375 FOR THEORY
350 — THEORY
325 o EXPERIMENT
300 « ERROR IN (f/f ) READINGS
| o o.(f)
B * ERROR IN [—c J
250 - T,
2251 '~ READINGS
Z|o
200 bo b
175 s =
[ f=fscattered Fincident
150
125~
100
75—
50—
25
ol L ol odandond Lod | | |
1.0 08 06 04 02 O 0.8 1.0 LI
-— f/1, /1t ——=
NEGATIVE POSITIVE

Fig. XV-3. Scattering cross section o‘c(f) as a function of wave frequency f.

we have plotted the scattered power as a function of the square of the discharge current
for given frequency difference between the incident and scattered frequencies. In
Fig. XV-4a, the frequency of the scattered radiation is less than that of the incident
radiation, and in Fig. XV-4b, the scattered radiation is of higher frequency than the
incident radiation. 1n Fig. XV-5, we have plotted the slopes of the straight-line graphs
of Fig. XV -4 as a function of l/fz, where f is the difference between the incident and
scattered frequencies. These graphs in Figs. XV-4 and XV-5 seem to confirm the cor-
rectness of Eq. 22 reasonably well.

In Fig. XV-6 we have plotted the scattered power as a function of l/f?‘ for a discharge
current of 1.0 amp. Using the relation

n e2 slope
2 P

+ intercept on PS axis
for the straight-line graph in Fig. XV-6, we calculated the ion plasma frequency f+

and the ion density n_ % n.
From Eqs. 15, 17, and 20 one can show that for f2< fi‘
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Scattered power vs square of the discharge current J. (a) Scattered
frequency less than incident frequency. (b) Scattered frequency greater
than incident frequency.

91



(XV. PLASMA PHYSICS)

4c°(incident power) J2
P = 2 32 2 ) f23)
™ m+d A f

where d is the diameter of the cylindrical plasma column. Using Eq. 23 and the slope
of the graph in Fig. XV-5, we get

5.90 x 10°2% cm? if vys 2 X 107 cm/sec

1.79 x 10722 cm? if vy= 1.1x 10% cm/sec.

But the actual valuc of the Thomson cross section = -8—3“—(e2 /m_cz)2 ® 6.6% 10_25 cmz.

This analysis of the experimental results seems to indicate that the measured scat-
tering cross section um(f) satisfies the relation
f
o‘m(f) = ﬁcc(f) = 60’0 f—— 11, (24)
where the enhancement factor & is not a function of f or f+. Comparing Eq. 24 with
the theoretically calculated equation (15) for "marginal stability," we see that this
enhancement factor & is a measure of the level of the ion plasma oscillations which
exists at steady state with respect to that at the "marginal stability." Therefore this
enhancement factor & is a measure of the nonlinear coupling between the plasma modes

8 (x5.56x 10°3!) WATT .
STATAMP
7._
6 /
<
ﬁ S5 rd
o~
‘émgq'—
wh|<g
u.::
0353_
w
a
o 2
|
w
|._
B R U IR SRR N I SR S S N

1 i |
0 2 4 6 8 10 12 14 16 18 20 22(xi0'5)cps) 2

! -2 -
3 (c/sec)

Fig. XV-5. Slopes of Fig. XV-4a and 4b versus l/fz.
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\ ’
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0.5 1.0 1.5 2.0 2.5 3.0 3.5 4,0 4.5 5.0
D= -1
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Fig. XV-6. Scattered power versus l/f2 for 1.0-amp discharge current.

of different wavelengths. For a given value of the relative drift velocity v > Ve the

weaker are the nonlinear effects, the larger is the portion of the availableddrift energy
going into the plasma oscillations. Thus if the nonlinear effects are very weak, one will
expect this enhancement factor 6 to be very much larger than unity, since the plasma
will reach a steady state far beyond the conditions of "marginal stability," and if the
nonlinear effects are very strong 6 will be equal to unity, since the plasma will reach

a steady state almost at the conditions of "marginal stability." Our experimental results

yield

9.0 ifvd=2><l()7 cm/sec

270 if v, = 1.1%10° cm/sec.

Thus the experimental measurement of 6 seems to indicate that the nonlinear coupling
between the plasma modes of different wavelengths is not too strong.

The results presented in Figs. XV-3, XV-4, and XV-5 seem to be in reasonable
agreement with the theory of Ichimax'u.l and Ichimaru, Pines, and Rostoker.?‘ The
experimental verification of Eq. 22, along with the observed approximate constancy of
the value of E/p as the discharge current was varied from 0.3 amp to 1.0 amp, seems
to indicate that the drift velocity tends to saturate. From the measured value of this
saturation drift velocity and Fig. XV-1, we are led to conclude that the saturation of
drift velocity occurs near the threshold for the creation of unstable oscillations of wave
numbers k = 1.2k_. This seems to be reasonable in the light of the qualitative argu-

ments presented by Pines and Sch]:'ieffer.3
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In conclusion, we wish to point out that Newcomb6 has shown that in the presence of a
magnetic field Eq. 8 takes the form

2,2
wz . K"/ Q sin2 a
RANEPECY A

where @ = (eB/m c) is the ion- cyclotron frequency and ¢ is the angle between X and B
For regions of interest to us here o? /w «k /k and therefore the correction term to
Eq. 8 is negligible. Furthermore, in our experiment ¢ = 0, and thus the correction term
to Eq. 8 is approximately zero.

V. Arunasalam
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B. SCATTERING FROM PLASMA OSCILLATIONS IN THE PRESENCE OF
AN INHOMOGENEOUS MAGNETIC FIELD

Electromagnetic radiation has been scattered from a plasma in an inhomogeneous
magnetic field. Under those plasma conditions for which the plasma contains strong
oscillations, a large enhancement of the scattering cross section has been found as a
result of the presence of the inhomogeneous field. When an electromagnetic wave is
scattered from a plasma, the scattered frequencies correspond to the sum and differ-
ences of the incident frequency and the frequencies of the plasma oscillations. In the
presence of an inhomogeneous field the dispersion relation can contain resonances both

at the incident and at the scattered frequencies, thereby giving rise to a large increase
in the scattering cross section.

1. Plasma and Plasma Oscillations

The plasma used in the experiment was a cesium hot cathode discharge.l The
pressure of the cesium was 0.1-5 p Hg and was controlled by the temperature of the
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discharge tube. The discharge was approximately 1 meter long, and the cathode was an
oxide-coated ribbon. The phenomena of interest occurred for discharge currents of a
few milliamperes, or electron densities of approximately 108/cm3. and for external
magnetic fields of approximately 1000 gauss.

The plasma had three different modes of operation. The first mode was one in which
the plasma was electrically very quiet. This mode existed only for low cesium pres-
sures (£0.2 p Hg), and for low discharge currents (<2 ma). The voltage across the
meter-long discharge tube was typically 10 voilts in this mode of operation.

The second mode of operation was most easily observed as a transition from the first
mode as the discharge current was raised. Strong oscillations appeared in the current,
and the voltage across the discharge tube jumped to over 400 volts. The frequency of
the oscillations (~15 ke) and the values of the critical electric and magnetic fields causing

2.3 with a wave-

the transition suggest that the second mode was a rotational instability,
length twice the length of the discharge tube. This mode did not exist for pressures
above 0. 15 p.,

The third mode similarly occurred as a transition from the second, although at ces-
ium pressures above approximately 0.2 ¢ Hg it was the only mode that was observed.
If the current through the discharge was increased while the discharge was in the sec-
ond mode, the voltage across the discharge abruptly dropped to 14-20 volts. The dis-
charge current in this mode was characterized by strong oscillations in the 10-50 kc
frequency range. Although there is no concrete evidence to verify the nature of these
oscillations, their frequencies fall in the range of ion acoustic waves.4

Also, oscillations in the frequency range 10-100 mc were observed in mode 3 with
the aid of a spectrum analyzer. These are the oscillations from which the scattering
occurred (see section 3). Because of the frequencies involved, it seems likely that these

oscillations were electron oscillations.

2. Emission and Absorption of the Plasma

The interaction of radiation with the plasma was studied by radiometer techniques
such as that illustrated in Fig. XV-7. The frequencies used were between 2500 mc and
3100 mc. The plasma was immersed in the magnetic field formed by coils spaced 61inches
apart. This spacing caused a ripple of approximately 3 per cent in the magnetic field.

The cyclotron emission of the plasma is shown in Fig. XV-8. The line shape and
line width were caused by the inhomogeneities in the magnetic field. At the pressures
used, the collision broadening was estimated to be less than one-tenth of the inhomo-
geneity broadening.

Absorption measurements were made, and line shapes similar to the emission shape
were obtained. The transmission of the plasma was also measured as a function of the
DC conductivity of the plasma, and is illustrated for the mode 1 and mode 3 operations

QPR No. 72 95



(XV. PLASMA PHYSICS)
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(Fig. XV-9).
as would be expected.

The absorption of the plasma while in mode 2 operation was very small,

As may be seen in Fig. XV-9, absorption was proportional to the current in both
mode 1 and mode 3 operation, thereby indicating that the electron density was propor-

tional to the current.
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suggests that the electron diffusion mechanism in the plasma changes. This is as
expected, for there were strong oscillations in the third mode, which should lead to an
enhanced diffusion, although not of the magnitude of that encountered in mode 2.

3. Electromagnetic Scattering

If a signal with a frequency within the cyclotron line was passed through the plasma,
there was a strong scattering of radiation. The scattering occurred in all frequencies
within the broad resonance, and occurred for all incident frequencies within the reso-
nance (Fig. XV-10). The total scattered energy was approximately one part in 106 of

=

Bl

=

B . Fig. XV-10.

) s Scattered power. Measuring frequency,
S 2705 mc; magnet current, 31.35 amps.
) I
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N

AN N S I (Y N J
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POWER SCATTERED
&

INCIDENT FREQUENCY (me)

the incident energy.
It can be seen easily that the plasma should resonate both for radiation within the
cyclotron line and for scattering within the line. Consider an incident electric field with

frequency w. Then, if there are density oscillations in the plasma the Boltzmann

inc’
equation may easily be solved in the cold-plasma approximation for scattering into a
frequency w. Substituting this solution in the wave equation, for radiation in a wave-

guide of width a, one finds

2
dE_ (@ “p (1iv /w) . . (L4iv_fw) sl 2 |
+l-{—) = ——— B e ————— Z,w, w_(Z,w-w, .
dzz a cZ o2 i"cz “’ZB(Z) x 2 ivcz “’ZB(Z) x inc’ “p inc (1)
Y T iy i
w w
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Here, mlz)(z,w-wmc) is the "plasma frequency" corresponding to the oscillating density,
eBz(z)
m
the radial magnetic field is neglected. With these approximations the scattering term

and uB(z) = The density is assumed to be uniform across the waveguide, and
contains the same resonance as the dispersion relation.

If the collision frequency is small enough, the resonance on the right-hand side will
"pick out" the oscillations at those values of z for which

Wiz) = w? - V2. 2)
Thus, if there is one resonance, the scattered field will be a measure of the oscil-
lations at one point within the plasma; if there are two resonances, at two points, and
hence the two-point correlation function is measured. If there are more resonant points,
higher order correlation functions can be measured.

The precise calculation of the scattering requires the solution of Eq. 1, with the
proper boundary conditions. The magnetic-field configuration for the scattering dis-
cussed earlier is too complicated to find an analytic solution; thus a detailed comparison
of the experiment and theory has not been attempted. An approximate solution to the

equation for the case of a linear variation in magnetic field has been obtained, however,

. 1 o
Es(ws) Comi | 2% mz(z . o) z -2 wc/uB(zi) 1(ki ks) z,
T2 1 po’ s i s 1
Eo(ws) 2¢c mB(zs) zg 1vc/wB(zi)
i""’p ivc
1 F(—g—|1]2ik 2 -2, - —
t iv dkup(z,) o wp(z))
XF 0 |1|2ik (L - 2 - —
\ka(zs) “s wB(Zs) 1mp ivc
F|—— |1]-2ik [z +
4kuB(zi) W mB(Zi)

(3)

In this equation Eg is the field scattered at a frequency we and E0 is the
transmitted field, if a field of the same amplitude as the incident field, but with
frequency w, is passed through the plasma. 2z is the point at which wg rieso-
nates, and z; is the point at which the incident frequency, Wy resonates. uB(z)
is the derivative of the cyclotron frequency. k is the wave vector in the absence

of a plasma, and thus

2 2
2 w 2w

k2= 2% +—% and kf:—’;—+—;.
S a [ a (o}

QPR No. 72 98



(XV. PLASMA PHYSICS)

The function F is the confluent-hypergeometric function.5

The experimental dependence of the scattered radiation on such parameters as the
plasma frequency, the slope of the magnetic field, and so forth, will be compared with
Eq. 3 for the case of a single resonance. If the comparison indicates that the approxi-
mations used in deriving Eq. 3 are valid, a similar result will be used to determine the
correlation function of the oscillations causing the scattering. Study of the low-frequency
oscillations, as well as any coupling between these oscillations and the higher frequency
oscillations from which the scattering occurs, will be continued.

E. B. Hooper, Jr.
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C. ELECTROMAGNETIC COMPRESSION

Attempts are being made to produce a low-pressure plasma by electron-cyclotron
resonance breakdown. It is hoped that by using two cavities the electromagnetic com-
pression forces will confine the plasma
between the two cavities.

According to the theories of Bootl and

I—Iall2 these forces should approach infin-

ity in the vicinity of cyclotron resonance.
From a physical standpoint, we know that

(a)
Their method utilizes an

this cannot be.
average over one period of the RF field,
whereas it is known that the particle's
perpendicular velocity experiences a beat

We

l 4

phenomenon of frequency w - ©p

0 &0 ¢ : therefore would like to use a different
€ approach that will be valid in the vicinity
Fig. XV-11. of resonance. We also would like to

Electromagnetic fields. (a) Physical
fields. (b) Idealized model.
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Without a computer it is impossible to perform a calculation of the particles' trajec-
tory inside a cavity. We therefore have made a model of the fields inside the cavity which
corresponds roughly to the actual fields but, however, does not satisfy Maxwell's equa-
tions. The physical fields are those of a TE;, mode cylindrical cavity. Our field
model consists of a uniform electric field in the x-direction with a uniform magnetic
field in the y-direction in each half of the cavity. But in each half it has a different sign.
(See Fig. XV-11.) Also, we assume another set of fields at right angles to those
described above, with a 30° phase shift, so that we have right circular polarization, an
assumption that is physically realizable. At present we shall be concerned only with
the fields in one-half of the cavity, it being assumed for the present that most of the
reflected particles will be reflected before they reach the middle, or not at all. The
electric fields in the model can be represented in the following form:

q _ Jwt
Ex(t) + JEy(t) =Ee
B(1) = - X g oMt Lom
B, () + jB (1) = - - E ™, 0<z<y k=7 )
E(t):g(t)= 0 z< 0
= a
B°= lzBo'

Defining w(t) = vx(t) + jvy(t). we can write the equation of motion of an electron

4 -; = -8 gt

at w(t) Jwbw(t) =-=Ee (2)
The solution is

eE : . .
-= ; Jon t jw, t+30
w(t) = —m(e']wt—e R )+ Vio® b (3)
Jw-w)
where Vio is the perpendicular velocity at t = 0.

The z-acceleration can be computed from the Lorentz force.

dvz(t)

2= - 2 ExB), = S Im wlt(B,+B)". “

Using our solution for w(t), we can integrate this equation to obtain z(t).

R gg_)z_g_z__ k i)z 1 - cos Sut
Tz L) m 2 m

o'~ wdw wow (6@)2
__k eE sin dwt _ 1 (l - cos bwt
mE—VLO[COSe T t)+ sin © 5w ):Ia (5)
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where 6w=w - wy+ The second term on the right-hand side represents the time-averaged
force computed by Hall's method; the fourth term is not included in the usual treatments.
Ift» ‘617' Eq. 5 can be approximated by

vy -k eE [eEt _
z(t)~vzot oia mt[ vlocose]. (6)

Equation 6 can be solved for the time and place at which the particle stops.

eE k m s 2
z(ty) ET0 %6 =26 V2ot 3o V1o €08 e) ’ ’ a0
where
EE@ EBRF (8)
o m ~m

Equation 7 can be represented graphically (see Fig. XV-12). To find the stopping dis-

Q 5
tance, lay off Yoo and cos g /ﬁ V.LO' go to the parabola, and read off the ordinate

Fig. XV-12. Stopping distance in an applied
field, E.

F?”m

z0 eff

given in normalized stopping distance.

With reference to Eq. 5, we note that if 6T «-g— to first order, then there is no
time-averaged force because of the forced motion of the particle. This condition cor-
responds to that for w = Wy It predicts that a large force will be observed only after a
very long time and the closer to resonance the longer that time will be.

P. W. Jameson

References

1. H. A. H. Boot, S. A. Self, and R. B. R-Shersby-Harvie, J. Electronics and
Control 4, 434-453 (1958).

QPR No. 72 101



(XV. PLASMA PHYSICS)

2. R. B. Hall, Large Signal Behavior of Plasmas, Sc.D. Thesis, Department of
Electrical Engineering, M.I.T., September 1960.

D. ANOMALOUS PULSED EMISSION AND ABSORPTION BY A XENON PLASMA
AT THE ELECTRON-CYCLOTRON FREQUENCY

Anomalous microwave radiation from xenon, argon, and krypton plasmas in a mag-
netic field was observed by Tanaka et al.1 This radiation appeared in the form of a
large, very narrow line of radiation at the electron-cyclotron frequency in the pressure
range 0.1-5.0 mm Hg. It was suggested by Tanaka et al.” that the radiciion was a
manifestation of the negative radiation temperature predicted by Bekefi, Hirshfield, and
Brownz and by Twiss.3

We have observed several additional features in the emission and absorption of radi-

ation at the cyclotron frequency by a xenon plasma.

CATHODE CONSISTING OF
HEATED CONCENTRIC
NICKLE CYLINDERS

e 15 cm |

[ |
FILAMENT = s |
FILAMENT ,5’ -

mm mm
G0 — | & ‘
__I . OXIDE COATING § TANTULUM
ON PORTION OF QUARTZ DISK ANODE

CATHODE

Fig. XV-13. Xenon plasma discharge tube.

The discharge tube is shown in Fig. XV-13. The cathode is similar in construction
to the cathode described by Tanaka et a.l.1 The anode-to-cathode separation in our dis-
charge tube is 15 cm. The tube diameter is 15 mm. The discharge tube is immersed
in the magnetic field of a solenoid. The tube axis coincides with the direction of the
magnetic field. The spatial variation in the magnetic field within the volume occupied
by the discharge tube is less than 3 gauss per thousand. The measurement was made
with a Bell incremental gaussmeter.

The discharge tube passes through the narrow side of a section of S-band waveguide.
The microwave electric vector, the direction of propagation, and the external magnetic
field are mutually perpendicular.

The pressure of the xenon gas in the discharge tube was measured with a mercury
MeLeod gauge. A cold trap filled with Dry Ice and acetone was located between the dis-
charge tube and the McLeod gauge to eliminate mercury vapor from the discharge.

The plasma emission was measured with an S-band radiometer operating synchro-
nously at a 30-cps modulation frequency. The radiometer operated at a fixed frequency
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of w/2m = 3262 mc. The bandwidth of the radiometer IF amplifier was 2 mc. Precision
attenuators were used to balance the radiation in the plasma arm against that from an
argon noise standard with a radiation temperature of 10, 600°K.

The absorption coefficient of the plasma was inferred by measuring the power trans-
mitted through the plasma from an external source. At very low power levels, com-
parable with the plasma emission level, measurements were performed with the radi-
ometer. The power from the external source was modulated at the synchronous frequency
of 30 cps. The plasma emission was not modulated and therefore did not contribute. At
high power levels (milliwatts) the radiation was detected by a crystal detector and dis-
played on an X-Y recorder as a function of the magnetic field. At intermediate power

levels (10-'“-10_8 watt) the signal-
- to-noise ratio was good enough that
e 10t0G 7, b

- h the output of the radiometer IF ampli-
fiers could be used without synchronous

“ ® e B
I

i

detection.
Figure XV-14 is a typical set of

i P 910uHg
s f2me
o

I
|
l
I
| emission data. The ratio of the power
BANDWIDTH, 2me l
!
;
|

radiated from the plasma to that radi-
ated by the noise standard, P/PS, is
presented as a function of the magnetic

13

- DISCHARGE CURRENT, 114 ma
)._ P 3.2x 1077 waTT

TUBE DIAMETER = 13 mm

|

|

|

|
l_
\
\
l
\

s 0= | \ field at constant discharge current Id’
> ! \ and constant pressure p. The radi-
: ;: ! | ation confirms the features reported
e |- / ‘\ by Tanaka et al.l It is very narrow,
B / \ approaching the lower limit imposed
“r / '\_ by the nonuniformity of the magnetic
T T T T field. In Fig. XV-14 the amplitude is
- 17 db above the normal plasma radia-
OL\/ \loc 5 5 tion and 11 db above the noise source.

MAGRETIC FIELD (Gacss This is not as intense as that reported

Fig. XV-14. Radiometer measurements of by Tanaka et al.l We observed that the
the anomalous cyclotron radi-
ation of a xenon plasma as a
function of magnetic field at a orientation of the discharge tube in the
fixed microwave frequency.

amplitude was very sensitive to the

magnetic field. In some cases we
observed amplitudes 30 db above the
normal plasma radiation. Nor did this appear to be a maximum, but further flexing of
the glass discharge tube attached to the glass vacuum system seemed unadvisable. Most
of the measurements that we shall report were taken with the discharge tube in an in
unstrained position. It appears that the position of the cathode surface is important in
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determining the nature of the nonthermal distribution of electrons near the cathode. The
radiation from a xenon discharge containing a flat cathode surface oriented normal to the
external magnetic field did not display the narrow-line radiation. When the tube was
turned through a small angle the narrow-line cyclotron radiation was detected, although
it was small in amplitude. Thus, it appears important that the electrons near the cathode
should be subjected to an acceleration at right angles to the magnetic field.

P’ A typical plot of
PP/PS as a function of discharge current Id at constant pressure and frequency is shown

The amplitude of the narrow-line radiation is denoted as P

in Fig. XV-15. The value of the discharge current at which the largest amplitude occurs

8 —

16 [~
14 |-
12
10 [ 10 LOG PM I’s 2
. 4
i A I Fig. XV-15.
iy ¢ / . :
2 L ya - E Radiometer measurements of amplitude
7, / 3 of anomalous cyclotron radiation of a
= P 1 xenon plasma as a function of discharge
°r / current at constant pressure and micro-
°r /}/ wave frequency.
-4/ p = 910 uHg
/ P 3.2 %107 warr
i I My TUBE DIAMETER - 12 mm
-8 }—
-10 | l | |
100 20 300

I, (ma)

is denoted IM and the largest amplitude is denoted PM.
If the collision frequency is assumed to have the form

veapyhl

where a and h are constants and v is the electron velocity, then the intensity of radi-

q el o 1.
ation from a tenuous plasma containing monoenergetic electrons” is

wZL
- P
1 -exp-33——hcv B, (1)
o

_ 3
I«)_Z’:"h

where v = ©p (wb is the electron-cyclotron frequency), and B, is the black-body intensity
at a temperature equal to the average energy of the plasma electrons.

With h = 4. 05 for xenon and L = 1 cm, the value of the exponent in Eq. 1 is positive
and greater than unity for most values of electron density, temperature, and collision
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frequency occurring in these experiments. With the value p = 900 p Hg in Fig, XV-15,
Eq. 1 can be approximated by

10 m

P
c

P -
1010g-P—1;-=C+3.035X 10 (2)

3

Here, M is the electron density (electrons/cms), Pc is the collision probability, and

T
C = 101log 2. 857 =%, (3)

Ts

where Te is the electron temperature and ’I‘S is the noise source temperature.

The dashed line in Fig. XV-15 in the range of discharge currents from 0 ma to
110 ma represent Eq. 2 when

m T
°_-4n1x10% =£=-1s (4)
PNV S

where m is the value of the electron density oocurring at Id = 100 ma. If the value h =
4. 46 supplied by Tanaka et al. is used,

m 10 T
© -3.3%10"", Te=1.1.
PC'JV S

When the electron density is approximately 1011 cmm3 the plasma frequency is equal
to the fixed frequency of the radiometer. The assumption of a reflectionless plasma
employed in the derivation of Eq. 1 is not valid at this and higher densities. As the
plasma becomes highly reflecting the emission should decrease. The amplitude of the
narrow cyclotron line diminishes (Fig. XV-15) when the discharge current is increased
beyond the value IM = 110 ma. Several data points in Fig. XV-15 do not fall close to
the dashed lines. Further experimental investigation is continuing to establish the PP
vs Id curves for different pressures.

In Fig. XV-15 the value of the discharge current denoted I is believed to corre-
spond to the condition wp = w.

The electron density is a function of the ratio Id/(E/p). The discharge current
required to maintain a fixed value of electron density decreases as the pressure
increases. In Fig. XV-16 the discharge current required to hold the density at the con-
stant value corresponding to wp = W, that is, IM' decreases with increasing pressure
above 500 4 Hg. The behavior of I, as a function of pressure below 500 p Hg is not
understood at present.

In Fig. XV-16 of Tanaka et al.1 the value of Iy is 600 ma at a pressure of
260 p Hg. This is approximately triple our value, as it should be, since their radiometer
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w = 3262me
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13 mm
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Fig. XV-16. Discharge current for a maximum radiated power as
a function of xenon gas pressure.

Pg < 3,2 x 10713 wart
TUBE DIAMETER = 13 mm

PM_ PS (db)
o

| ] |
500 1000 1500
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Fig. XV-17. Radiometer measurements of the maximum power
radiated in the anomalous cyclotron radiation of a
xenon plasma as a function of the gas pressure.

frequency is triple ours.

The value of PP is a maximum at I and is denoted PM. PM is plotted against
pressure in Fig. XV-17. On the basis of Eq. 1the amplitude of the narrow emission
line should decrease with increasing pressure. Figure XV-17 shows the amplitude of
PM increasing with pressure in the range 200-1000 + Hg. An uncertain experimental
observation indicates that the value of PM is fairly constant in the pressure range
1000-1200 » Hg. Above 1200 p Hg the value of PM decreases rapidly with pressure.
Several factors should be considered to obtain an adequate theoretical description of
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Fig. XV-17. The electron temperature decreases with increasing gas pressure
(cf. Brown4). Thus the number of electrons found at favorably low Ramsauer energies
would increase with increasing pressure, thereby enhancing the emission. The rate of
thermalization of the electron gas, however, also increases with pressure. Therefore, at
higher pressure the amplitude of nonthermal radiation should decrease with increasing
pressure.

Nonsynchronous observation of the output of the IF amplifier of the radiometer
revealed that the narrow cyclotroxiz lline ;mission was pulsed rather than continuous.

-10

nous detection. The relative amplitude of these pulses as a function of magnetic field

These pulses are so intense (~10 watt) that it is not necessary to use synchro-

conform to the line shape shown in Fig. XV-14. That is, intense pulses occur only over
a very narrow range of magnetic field.
A cw microwave signal was generated by a klystron mounted with several variable

13

attenuators in a shielded box. The power output could be varied between 10  ~~ watt and

10-—2 watt. The cw signal was modulated at 30 cps and transmitted through the plasma.
The plasma emission was unmodulated.

700 psec

-

25—

Fig. XV-18.

Power radiated by a xenon plasma at
the cyclotron frequency as a function
of time; power transmitted through
the plasma from an external source.
Id= 25 ma; p = SOOp.Hg;m=wb;

o'

POWER (WATTS x

L— IF bandwidth = 2 mc; Pi = incident
5 power of external signal.

SRR AVAVAVANAN

oo~ 5 pisec

0

TIME

}—— EXTERNAL SIGNAL ON ——+—EXTERNAL SIGNAL OFF —

Figure XV-18 shows a period of time in which the klystron signal is incident on the
plasma followed by a period in which the klystron signal is blocked off. The unmodulated
plasma radiation is always present. The normal plasma radiation is too small, at this
scale, to be seen, but the pulses are impressive. By careful adjustment of the discharge
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current the pattern of pulses could be made stationary with respect to the modulating
frequency and displayed on an oscilloscope. Figures XV-18, XV-19, and XV-20 are
drawn from photographs of the oscilloscope patterns. The pulses occur at 700-psec
intervals when the discharge current is
25 ma and the gas pressure is 500 p Hg.
The width of the pulses was estimated

1, (ma)

to be less than 5 psec. Variation between

psec

the amplitude of individual pulses was,

TIME at most, only a few per cent. No ampli-
Fig. XV-19. Xenon plasma discharge cur- fication of the transmitted part of the
rent versus time. Arrows cw signal is evident. The detected power

indicate time and current at
occurrence of anomalous cy- appears to be the sum of the plasma-

clotron radiation pulses. attenuated cw signal plus the plasma
generated pulses.

Synchronous detection of the transmitted part of the modulated cw signal (with the
plasma emission unmodulated) has not shown any tendency for the plasma to amplify
external signals. Measurements were taken over the range from 10_13 watt to 1072 watt.

Figure XV-18 further reveals that the transmitted cw signal is not constant in time.
There is a saw-toothed oscillation with the same period as the plasma pulses. This
variation in the absorption of the cw signal is due to a variation in the plasma density.
Figure XV-19 shows the time variation of the discharge current. The arrows indicate

the time and current values at which

] X the plasma emits pulses. The discharge
m —W tube and a 100-ohm external resistor
5:_ I I I ! : are in series with a constant voltage

in— EXTERNAL S5IGNAL ON +I:X‘IERNAL SIGNAI OFF

source. As the current (and density of
) electrons) increases, the voltage across
| « . _
. M\H l i I IJ the discharge decreases. IdREXT+ Vd-

constant. The electron temperature is
100
pRL Ly

T¥1

‘ 10“)

probably a minimum when the pulses

POWER (WATTS

are emitted. A large inductance was

placed in series with the discharge tube

100 i I" in order to maintain a constant discharge
“E ] | | I | | | I | ‘ l | @ current. The pulses from the plasma
° TimE persisted, but at random intervals.

Figure XV-20 shows the occurrence
Fig. XV-20. Anomalous cyclotron pulses
and transmitted portion of a . .
P. watt incident external cw signal as the strength of the incident
i

signal. signal is increased. In the presence of

of absorption 'pulses’ in the transmitted
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Fig. XV-21. Absorption of milliwatt microwave power by a xenon plasma
as a function of magnetic field. Incident power = 5 mw.
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an external signal the amplitude of the emitted pulse decreases while the amplitude of
the absorption pulse increases with increasing signal. The time sequence of the two
pulses has not been determined.

Figure XV-21 shows the power transmitted through the plasma as a function of mag-
netic field at milliwatt incident power. The narrow absorption line at the cyclotron fre-
quency appears superimposed on a much broader 'normal' cyclotron absorption. The
spectrum flattens out at higher discharge currents as the plasma approaches black-body
conditions.

These experiments were repeated with helium. Helium does not contain a Ramsauer
minimum in its electron collision cross section. The narrow-line cyclotron emission
and absorption were not detected.

Many additional experiments are being undertaken. They will employ various gases,
with and without Ramsauer minima. The radiation and absorption by these discharges
will be measured in cavities, as well as in waveguides.

To summarize, intense pulses of radiation were observed in a xenon plasma. They
occurred over a very narrow range of cyclotron frequencies centered at the fixed fre-
quency of the detector. Synchronous detection of the transmitted portion of externally
generated signals at levels comparable with the normal radiation from the plasma did
not reveal amplification or additional absorption of the signal by the plasma. With the
external signal comparable with the pulse height of the narrow-line emission, a narrow
absorption line at the cyclotron frequency appears. This narrow absorption line is
present when the external signal level is milliwatts.

No conclusive theoretical explanation for these phenomena are offered at this time.
If the narrow-line radiation is due to amplification of the plasma radiation, the amplifier
appears to be operating at saturation or poorly coupled to the external signal because no
amplification of external signals has been detected. Another possibility is that there
may occur a condition in which a large fraction of the electrons attain energies at the
Ramsauer minimum. Since Pc = 4 at the minimum, they would radiate a very narrow
line. The Ramsauer resonance is narrow and the electron lifetime at the minimum
would be short. If the plasma were driven by a large external signal, this group of
electrons would contribute to a narrow absorption line.

J. D. Coccoli

References

1. S. Tanaka, K. Mitani, and H. Kubo, Experiments on the Negative Radiation
Temperature at Cyclotron Resonance in Cold Plasma, Research Report 1PPJ-6, Institute
of Plasma Physics, Nagoya University, Japan, February 1963.

2. G. Bekefi, J. Hirshfield, and S. C. Brown, Phys. Fluids 4, 173 {1961); Phys.
Rev. 122, 1037 (1961).

3. R. Q. Twiss, Australian J. Phys. 11, 564 {1958).

QPR No. 72 110



(XV. PLASMA PHYSICS)

4. S. C. Brown, Basic Data of Plasma Physics (The Technology Press of the Massa-
chusetts Institute of Technology, Cambridge, Mass., and John Wiley and Sons, Inc.,
New York, 1959); Special Technical Report No. 2, Research Laboratory of Electronics,
M.I.T., August 17, 1959.

QPR No. 72 111



XVI. PLASMA ELECTRONICS™

Prof, L., D, Smullin J. F. Clarke D, L. Morse
Prof. H. A. Haus P. Edmonds A. A, Offenberger
Prof. A. Bers S. A, Evans L. M. Petrie, Jr,
Prof. W, D. Getty T. J. Fessenden S. Puri
Prof. P, Penfield, Jr, E. T. Gerry C. G. Robertson
Prof. D. J. Rose R. Hancox P, S. Spangler
Prof. T. H. Dupree B. A, Hartenbaum G. Theodoridis
Prof. L, M, Lidsky C. F. G, Hsi E. Thompson
Prof. E, P, Gyftopoulos H, Y. Hsieh P. B. Ulrich
R. R. Bartsch G, I, Kachen M. T. Vlaardingerbroek
W. L. Brasser B. Kusse C. E, Wagner
R. J. Briggs M. A. Lieberman H. L. Witting
T. S. Brown L. N. Lontai J. C. Woo

J. D. Mills

RESEARCH OBJECTIVES AND SUMMARY OF RESEARCH

1. Plasmas for Electrical Energy Conversion

This group is concerned with the synthesizing or design of particular plasma systems
to perform specific functions, The research program described below is concerned
primarily with the plasma as a component of a power generator: either controlled
thermonuclear fusion or magnetohydrodynamic. To implement this program, we are
studying several methods of producing and containing dense, hot plasmas. We are also
concerned with the collective behavior of plasmas of finite dimensions, and are studying
possible means of energy extraction. Thus we are led to the investigation of waves in
plasma waveguides and their stability, and of millimeter oscillations induced by drifting
plasmas in semiconductors.

(a) Beam-Plasma Discharge

During the past year we have made considerable progress toward gaining a detailed
understanding of the dynamics of the beam-plasma discharge (BPD). From study of the
time behavior of the radiofrequency spectrum radiated by the discharge, we have
clarified our ideas about the interaction mechanisms, and we have evidence of direct
excitation of the ions by the beam, at the ion plasma frequency. Our studies of the loss
mechanisms have uncovered a "rotating spoke" instability. The newest beam-plasma
discharge device has a hollow, high-perveance, electron beam, It generates a plasma

density >2 X 1013/cm3 in a neutral gas background of 2 X lolz/cm3, X-~rays with energy
>100 kv with a voltage of 7-10 kv, During the coming year we shall pay particular
attention to the excitation of ion plasma oscillations as a means of heating the ions.

L. D, Smullin, W, D, Getty

{(b) Electron-Cyclotron Resonant Discharge

We have placed in operation a medium-power device. Pulsed RF power 50 kw peak,
50-100 watts avg, is used to excite a cylindrical cavity, 15 inches in diameter, at

*This work was supported in part by the National Science Foundation (Grant G-24073);
and in part by Purchase Order DDL BB-107 with Lincoln IL.ahoratory, a center for
research operated by Massachusetts Institute of Technology, with the support of the
U.S. Air Force under Contract AF 19(628)-500.
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3000 mc. The average x-radiation just outside the cavity is ~5 r/m, and energies >1 Mev
are observed. Diamagnetic probe signals indicate that a relatively high p plasma is
produced. Low-frequency oscillations (~10-30 mc) are radiated by the plasma during the
interpulse period.

During the coming year we shall study the parametric behavior of the electron-
cyclotron resonance discharge (ECRD) with special emphasis on the mechanisms for
transferring energy from the electrons to the ions.

L. D. Smullin, T. J. Fessenden
(c) Beam-Induced Ion Plasma Oscillations

Experiments on the beam-plasma discharge have indicated that the electron beam
can induce oscillations at wpi’ if the electrons are hot enough. In these new experiments

we are using a medium-power electron-cyclotron resonance discharge (ECRD)to produce
a plasma with hot electrons. Into this plasma we fire an electron beam, and we shall
examine the spectrum of the induced oscillations.

L. D. Smullin, M. T. Vlaardingerbroek, M. A. Lieberman

(d) Theory of Active and Passive Anisotropic Waveguides

This research will proceed along two lines.

(i) Development of small-signal energy and momentum-conservation principles that
are applicable to the linearized equations of anisotropic waveguides in the absence of
loss will be undertaken to obtain criteria for the stability or amplifying nature of the
waves in these systems.

(ii) Analysis of specific waveguides of present interest, and determination of their
dispersion characteristics will be carried out.

The dispersion characteristics may also be used to test the general criteria obtained
from the conservation principles.

A. Bers, H. A. Haus, P. Penfield, Jr.

2. Highly Ionized Plasma and Fusion Research

Studies that are applicable to controlled nuclear fusion assume many forms. Our
activities, for the most part, are involved with plasmas: plasma kinetic theory, plasma
production by injection, nonadiabatic particle motions, stability and turbulence, and
interaction with coherent radiation. Our other activities (energy extraction and tritium
regeneration through a surrounding blanket, superconducting magnetic-field structures
for plasma confinement), while motivated by the thought of controlled fusion, have wider
applicability.

(a) Interaction of Coherent Radiation and Plasmas
Study of the following physical problems, by means of pulsed high-intensity laser
beams, continues:

(i) Thomson scattering from free electrons in an electron beam, as a diagnostic
tool for study of beam structure;

(ii) Thomson scattering from free electrons in an almost fully ionized plasma (ion

density 1013-1014/cm3, neutral density lOll—lolz/cm3);
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(iii) Photoionization of excited atoms in a plasma, and related phenomena;

(iv) Measurement of the plasma correlation structure, by means of scattering
through angles 8 = (laser wavelength/2r Debye length); and

(v) Light-suppression and light-collection techniques to optimize the methods
involved in experiments of this general nature.

E. Thompson, L. M. Lidsky, D. J. Rose

(b) Plasma Kinetic Theory

Our research in plasma kinetic theory is concentrated in two general areas. The
first is concerned with the derivation of ""reasonably" simple but "reasonably" exact
equations to provide a complete description of plasma behavior. The starting point has
usually been a set of generalized hierarchy equations that includes the transverse elec-
tromagnetic field. The second phase of the program is directed toward obtaining inter-
esting solutions to the fundamental equations to second order in the plasma parameter.
General formulas for the approach to equilibrium, including expressions for radiation
emission and absorption, have been derived.

T. H. Dupree

(c) Nonadiabatic Motion of Particles

Our studies of charged-particle trapping by injection into nonadiabatic systems are
being extended to include the general problem of weakly nonadiabatic motion in various
magnetic structures of practical interest. This work will include study of particle
"unwinding" devices, and minimum-field plasma-confinement configurations.

L. M. Lidsky, D. J. Rose

(d) Plasma Turbulence and Stability

The structure of plasma columns in axial magnetic fields is being studied theoreti-
cally and experimentally, with a view toward applying concepts of turbulent motion to
the analysis of their behavior. New minimum-field confinement configurations will be
applied to these plasma columns and possibly to differently produced plasmas, to
decrease the level of turbulent instability at the plasma-vacuum interface.

D. J. Rose, L. M. Lidsky

(e) Ion Beam

With the advent of Lorentz dissociation of excited molecular beams and Lorentz ion-
ization of excited atomic beams, we are extending our low-divergence high-current ion-
beam studies to include measurements of the efficiency of production of excited atomic
and molecular beams and their subsequent ionization and dissociation.

E. Thompson

(f) Superconducting Magnet

Modifications of our superconducting magnet assembly to remove a thermal contact
have been completed. Analysis of, and introspection concerning, the present design of
large superconducting magnets, based upon experience gained thus far, lead us to quite
different design concepts. A new configuration will be detailed during the coming year.
A propos of superconducting magnet systems, in general, we remark that the newer
minimum-field configurations for more stable plasma confinement are exceedingly
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expensive in terms of magnetic field energy; the plasma is also kept relatively remote
from the field sources. These requirements, in our opinion, will be satisfied by super-
conducting magnet systems, and by no other kind.

D. J. Rose, L. M. Lidsky

(g) Thermonuclear-Blanket Studies

We have shown that if confinement of a controlled-fusion plasma is possible, the
nuclear and other facts of nature will permit regeneration of the tritium that is neces-
sary for a D-T reaction, probably with a small safety margin. Principal extensions of
this study will be

(i) Calculation of transport, neutron flux, and tritium regeneration in finite sys-
tems,

(ii) Experimental measurement of tritium production and of energy deposition (by
means of gamma rays) in a cylindrical blanket mock-up with point neutron source,

(iii) Study of the physical and engineering feasibility (or nonfeasibility) of a fast
pulsed controlled fusion system.

D. J. Rose, I. Kaplan

(h) Cesium Plasmas

Properties of low-energy cesium plasmas and formation of molecular ions through
excited cesium-atom collisions have been investigated with promising results.l’ 2

Intermetallic adsorption systems have been studied during the past year. Heats of
desorption and rates of emission of cesium and other metallic atoins and ions desorbed

3-6

from partially covered surfaces have been derived theoretically. State functions for

partially covered intermetallic surfaces have also been derived.
Work on these subjects, together with experimental studies of cesium ion-beam neu-
tralization schemes, will continue.
E. P. Gyftopoulos
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A. BEAM-PLASMA DISCHARGES

1. SYSTEM A: RADIOFREQUENCY SIGNALS RADIATED BY BEAM-PLASMA
DISCHARGE

This report summarizes our observations of the radio frequencies emitted by the
beam-plasma discharge. Three observations are particularly striking. First, strong
microwave oscillations occur in several narrow bands of frequencies. Second, micro-
wave frequencies continue to be emitted for as long as 15 pusec after the beam pulse has
ended. Third, strong VHF signals are observed at frequencies corresponding to the
ion-plasma frequency.

With either the wideband "video" detector or the narrow-band detector,1 the micro-
wave oscillations (5.5 kmc to 15 kmc) always appear as spikes in time. In many cases
the duration of the spike appears to be limited by the bandwidth of the detector. Typi-
cally, a spike is 0.1-0.2 psec in duration, Fig. XVI-1b. At low magnetic fields (less
than 250 gauss) the spikes occur more or less continuously during the ertirc beam-
plasma discharge. At higher magnetic fields, the spikes occur in groups that vary in
duration from 10 psec to 50 yxsec.l The strength of these oscillations varies along the
axis., It is much stronger (10-100 times stronger) near the gun than at the collector,
Fig. XVI-2. The same dependence has been found in both hydrogen and helium.

By comparing the outputs of two wideband "video" detectors that respond in different
frequency ranges (the X-band detector covers a range of 7-10 kme, the Ku-band detector
covers a range of 10-14 kmc), it has been found that the oscillations in these two bands
are anticoincident. Figure XVI-1lc shows a correlogram of the Ku-signal and the
X-signal. A 5-psec sample of the radio frequency is taken during each beam pulse, and
the photograph is an exposure over 100 pulses. Figure XVI-1b shows a time-expanded
view of the Ku-signal and X-signal, illustrating the anticoincident characteristics.

Using the spectrum analyzer, we found that strong microwave oscillations occur in
several narrow bands of frequencies which are distinctly separated by intervals of very
weak or no oscillations. A parametric mapping of the instantaneous frequency and inten-
sity during the beam-plasma discharge is under way. Preliminary investigations show
that at higher beam powers the bands move toward high frequencies, and that at high
beam powers and high magnetic field, a rather intense continuum begins to build up.
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Fig. XVI-1. Oscillograms illustrating the general nature of the signals
received by the Ku-band detector and the X-band detector.
The experimental conditions for these three illustrations
were not the same. (a) Groups of spikes received by the
two detectors during the beam-plasma discharge. (b) Anti-
ccincidence of the two signals on an expanded time scale
within a group.
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GUN MAGNETIC SHIELD

g
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Fig. XVI-2. Oscillograms showing kmc oscillation amplitude
as a function of axial position. The 7-kmc oscil-
lation is picked up by a movable loop. The ver-
tical calibrations are the same in the kmc oscil-
lation traces except the last, which shows the
7-kmc signal at z = 31 cm when the vertical gain
is increased by a factor of 10.

P = 0.52 p Hg BO = 280 gauss
Vb =5 kv Icoll = 0.26 amp
Time, 20 psec/cm Hydrogen

a. Oscillations in the Absence of Beam Current

Up to 15 psec after the beam current ended, frequencies in the ranges 100-300 mc
and 6-10 kmc were observed. The oscillations always occur during the time at which
the collector current represents a net ion current, Fig. XVI-3. The intensity of the
oscillations during this "afterglow" is usually smaller than, but sometimes comparable
to, the intensity of the oscillations during the beam-plasma discharge. In system A, one
of the necessary conditions for observing these afterglow oscillations is that the mag-
netic field must be above a certain critical value, which is ~600 gauss.

The oscillations always occur as spikes. The oscillations observed both with the
broadband "video" detectors and with the spectrum analyzer occur as trains of spikes.
The number of spikes in the train varies from two to six. The spikes in the train occur
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almost in regular intervals. The average period is approximately 2 psec. The general
tendency, not always true, is for the intervals within the train to decrease with time.

The train correlates well with a regular oscillation (whose period also varies in the

I—END OF BEAM CURRENT

Fig. XVI-3. Oscillograms showing typical
. oscillations during the "after-

/W\\; T glow."
~ EOELE P=0.55u Hg

Bo = 630 gauss

El: Vb=5 kv I.op=0-24 amp
4\—- {V 250 MC Hydrogen
. X
s 250 Mc
5 1L SEC /CM

same way as the train's) observed on a magnetic probe. The train does not correlate
well with the fluctuations seen on a Langmuir probe. The train often occurs during the
time when the net ion current on Icoll is flat. At the moment, the ensemble of pictures
collected does not show a correlation between the spikes and the fluctuations in the light
output. The last rf spike usually occurs within 15 psec after the end of the beam current.
The afterglow oscillations indicate the presence of a highly anisotropic electron
velocity distribution, which persists for 10-15 psec after the beam is turned off. The
existence of microwave oscillations implies an electron density of the order of
1012 ions/cc during this time. The VHF oscillations (100-300 mc) lie in a range corre-
sponding to the ion-plasma frequency. Presumably, they are both excited by an aniso-
tropic velocity distribution of the electrons.
H. Y. Hsieh
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2, SYSTEM B: ROTATIONAL INSTABILITY IN THE BEAM-PLASMA DISCHARGE

Space- and time-resolved light measurements indicate that a spoke of plasma rotates
in a right-hand sense about the applied, axial magnetic field. The fields of view of the
two telescopes1 are shown in Fig. XVI-4. The oscillograms of the detected light output

FIELD OF VIEW TRACE A

CATHODE 75° Fig. XVI-4. Fields of view of telescopes.

FIELD OF VIEW TRACE B ~

in Fig. XVI-5a show that trace A leads trace B by 0.2 period, which corresponds to the
angular separation of the fields of view. The time lag between the two traces reverses
with a reversal of the magnetic field. Oscillograms of probe current,l Fig. XVI-5b,

(@) (b)

Fig. XVI-5. Rotational time lag.

(a) Light (b) Probe currents
p=0.5|J-H2 p=0.5p-Hz
Bo = 540 gauss B0 = 350 gauss
V =7.2kv V_=72kv
o o

time, 10 psec/cm  time, 20 psec/cm
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agree with the light measurements.

The instability begins above a critical magnetic field. Current to the beam collector
for magnetic fields just below and above the critical field value is shown in Fig. XVI-6.

~ANUTNTN

280 GAUSS

Fig. XVI-6. Beam collector current.
324 GAUSS

The critical magnetic field for onset of the instability is plotted in Fig. XVI-7,

300 p—

BerimicaL (GAUSS)
=1
o
I

100 I I | — 1 i J | ]
1 2 3 4 5 ] 7 8 9 10

plHy) x 1074 mm Hg

Fig. XVI-7. Critical magnetic induction for onset of instability.

Below approximately 550 gauss the oscillations on the beam collector are quite sinus-
oidal. Two electric probes at the same radial and azimuthal positions but at different
axial positions indicate that the sinusoidal oscillations have no axial variation
(Fig. XVI1-7). The light and probe oscillograms of Fig. XVI-5 show that the variation
must be m =1 at low fields. Ion-current fluctuations on the beam-collector magnetic
shield2 occur 180° out of phase with ion-current fluctuations on the beam collector. This
factor suggests an off-center rotation of a camlike plasma column about the beam col-
lector, as shown in Fig. XVI-8.

Above approximately 550 gauss, probe signals ot different axial positions are no
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longer well correlated (Fig. XVI-9). Coincident with the decrease in the crosscorrelation
between probe signals, the plasma currents and light become irregular, which suggests
that the plasma has become "turbulent." The period of rotation is plotted as a function of

BEAM COLLECTOR MAGNETIC SHIELD

BEAM
COLLECTOR

Fig. XVI-8. Plasma rotating off center.

magnetic field (at 0.5-p pressure) in Fig. XVI-10. The abrupt decrease in rotational
speed is associated with the onset of "turbulence." From measurements of light at
various radii from the axis we have estimated the radial electron-density variation.

Fig. XVI-9. Axial variation in probe currents.
324 GAUSS Axial probe separation, 6.5 in.;
p=04p HZ; V0 = 7.2 kv.

Upper: time, 5 psec/cm. Lower:
time, 20 psec/cm.

S A~ 875 GAUSS

The density e-folding length vs magnetic field at 0.5-p pressure is plotted in Fig. XVI-10.
The e-folding length decreases linearly with B when the plasma is stable. The mag-
netic field no longer squeezes the plasma in so well when the coherent rotation sets in,
and the plasma actually expands when turbulence occurs.

The rotational instability is a mechanism by which plasma is transported across the
magnetic field. After the beam breakup, current to the wall electrodes® increases very
slowly with time. Coincident with the appearance of the rotation, the wall current
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Fig. XVI-10. Density e-folding length and rotation period.

increases sharply. A decrease in net ion current to the wall electrodes at high fields
is caused by a change in the potentials in the plasma, not by a decrease in particle flux.
Above 1400 gauss the wall electrodes collect net electron current. Biased probes near
the wall show that the ion density does not change much as the magnetic field is
increased.

The existence of the rotation does not depend directly on the electron beam. After
the beam is turned off, the plasma continues to rotate for several periods.

The transport of plasma across the magnetic field appears to be caused by an azi-
muthal electric field. Electric probe measurements show that the leading edge of the
plasma spoke is negative with respect to the trailing edge. The resulting electric field is
in such a direction that neutral plasma drifts radially outward. It is thought that the azi-
muthal electric field is caused by the difference between the electron and ion Hall mobil-
ities. The inward electric field needed to drive the plasma in a right-handed rotation is

thought to be caused by the trapping of a hot electron plasma in the magnetic mirror.
B. A. Hartenbaum
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B. ROTATING PLASMA INSTABILITIES

This study has been completed and the results are being prepared for submission to
the Department of Electrical Engineering, M.I. T., as a doctoral thesis.
D. L. Morse

C. INSTABILITIES AND AMPLIFYING WAVES IN BEAM
PLASMA SYSTEMS

This research has been completed and a doctoral thesis is being prepared for sub-
mission to the Department of Electrical Engineering, M. L T.
R. J. Briggs

D. BEAM-EXCITED ION-PLASMA OSCILLATIONS

Recently, we have found theoretically that a beam of charged particles can interact
with the ions of a plasma at the ion-plasma frequency, provided that the electron tem-
perature of the plasma is sufficiently high. It is likely that such an interaction is the
mechanism responsible for the VHF oscillations (100-800 mc) observed in the beam-
plasma discharge.

We hope to get more direct experimental evidence of this interaction in the appa-
ratus described here. A cyclotron discharge is excited by a 3-kmec power source in a
multimode cavity placed in a magnetic mirror. The cavity is continuously pumped, and
the gas pressure in the cavity can be regulated. Such a cyclotron discharge can pro-
duce a very hot electron gas. The temperature, however, is probably anisotropic with
its largest components perpendicular to the magnetic field. Since the magnetic field is
inhomogeneous, we may expect part of the transverse random energy to be transferred
into the longitudinal direction.

An electron beam is launched into the cyclotron discharge along the axis of the mag-
netic bottle. The beam is provided by a tantalum cathode heated by electron bombard-
ment from a second, directly heated, W cathdoe. The gun operates with perveance
Io/vf;/2 = 1-2 x 10°. ‘

Both the discharge and the beam have been operated, but in the early experiments
we still have not found any evidence of interaction. The next steps are (i) to increase
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the microwave heating power from 50 watts to several hundred watts in order to provide
a hotter and denser plasma; and (ii) to modulate the beam in the expected frequency band
for the ion-plasma frequency (40-100 mc) in order to get a more sensitive test of inter-
action.

M. T. Vlaardingerbroek, M. A. Lieberman, L. D. Smullin

E. COUPLING OF EMPTY-WAVEGUIDE AND QUASI-STATIC MODES IN
WAVEGUIDES LOADED WITH GYROTROPIC MEDIA

In a previous report we presented a new approach to the solution of wave propagation
in gyrotropic waveguides.l We have since reformulated the coupled equations, so that
the coupling between the various modes becomes more obvious. In this report we present
the reformulated coupled equations, discuss the coupling between the various modes, and
give the results of the numerical calculations for the example partially treated in our
previous report, which was for a completely filled, circular, cold, plasma waveguide;
the motion of ions is included.

1. Coupled-Mode Theory

We consider a gyrotropic medium characterized by dielectric and magnetic permit-
tivity tensors given by Eqgs. 1 and 2 of our previous r'eport.l We analyze E and H in
a rotational and an irrotational part according to Egs. 3a and 3b given there.1

The orthogonality relations for electrostatic modes are

*
S Kuéld’m da = alm (1a)
A

* = _.2
g VTwm Ky VT% da = vgb, . (1b)
A .

Here, the integration is taken over the cross section of the waveguide. In this report
a double-bar superscript denotes a tensor, and [ ] denotes a matrix.
The orthogonality relations for magnetostatic modes are

sk
S LY ¥,da=38, (2a)
A
V.o L. -V.¥_ da=yZs (2b
¥ Ly Vp¥m 92 = Yidgm: )
A
We define
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Ar A A
E = z(vieTiHiZiezi) (3a)
i
I’_\Ir Z ﬁ a 3b
= ), WhptV,Yihoo) (3b)
i
o= Z F,2, (4)
m
¥ = z M ¥ (5)
m

Substituting Egs. 3-5 in Maxwell's equations and applying the orthogonality relations,
we obtain

v - [T l[2] 1= [a]T+ [b] M (6a)
I - [I"N][Y] Vz=[c]Vv+[dF (6b)
[a) \f
2 -_— — —
YA I ) F =7 ) V- vlelT (7)
( L*L ) jwe
= (bY
2 — L -
(VP-[Tylry]) M = ~[£] 7 + <J'“Po L (8)
Here, the dagger indicates complex conjugate of the transpose of a matrix, and
A Ax =) A
2jn T Ity S hp; * (Lp=lp) - hpy, da (9a)
A
j hE LT v b
bim = dubg ) hpy o Lp - (=Vp¥,) da (90}
A
o = d0eg § Oy (Rp-1p) - &y, da (9e)
A
. Ax =
dil = Jweo S eri” KT 2 (_VT°1) da (9d)
A
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2
Pei *
°ti = Joe, S K| 8p$; da (9e)
A
pZ
__—hi *
fni = Jok l"Ilwm"l"i da. (9f)

A

Lower-case letters for potentials denote the empty-waveguide modes, and upper-case
letters, the quasi-static modes. The symbol p denotes transverse wave numbers.
[I‘N] = diagonal matrix for the longitudinal wave numbers of empty -waveguide modes
r.]
[Ty]

corresponding matrix for the electrostatic modes

corresponding matrix for the magnetostatic modes.

2. Discussion

The dispersion equation of the coupled system may be derived easily from Eqgs. 6-8.
These equations show which modes have a dominant contribution in the coupling. The
left-hand sides of these equations contain the differences yz - yzi. The right-hand sides
contain the coupling coefficients. The coupling coefficients depend upon the interaction
of the transverse fields of the coupled modes. When the transverse wave numbers of
the coupled modes approach each other, the transverse fields of these modes tend to
become similar, and therefore the corresponding coupling coefficient increases sig-
nificantly.

Let us assume that the longitudinal wave numbers and the transverse wave numbers
of several modes have large differences. Then the coupling coefficients are small and

th

the difference yz - Yiz for the i" mode is very large. Therefore we may factor yz - Yiz

.th

out of the dispersion relation, and this fact, of course, means that the i° mode is not

coupled to all of the other modes. If either the longitudinal wave numbers or the trans-

verse wave numbers are close together, the differences \'2 - yiz are of the same order

or less than the coupling coefficients. In that case yz - yiz cannot be factored out of the

.th

dispersion relation any longer and the i mode is coupled to the other modes.

3. Example

We consider a completely filled, circular, cylindrical, cold, plasma waveguide of

2.405 . There-
a

fore there is a strong coupling between this quasi-static mode and the empty-waveguide

radius a. The quasi-static mode QS10 has a transverse wave number p =

mode TMlo which has the same transverse wave number. The mode QS]O is also
coupled to the TEIO (p = 3.83/a) because their transverse wave numbers are close. For
%_a. > 4 there is a strong coupling between the modes TE10 and QSlO because their
longitudinal wave numbers are extremely close. The resulting dispersion diagram is
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Dispersion diagrams for plasma-filled waveguide, « = c/a, k= 1/a, where

a is the radius of the waveguide. For comparison, we show the solutions
from quasi-static theory, exact theory, and coupling-of-modes theory, to-
gether with the uncoupled modes. (a) Frequency regime from the first cut-
off above w4 The second branch from coupling of modes is imaginary and

similar to that of QS]O but with (ﬁ/kN)min ® 12.4.
The first branch from coupling of modes

{(b) Low-frequency
regime near and below Woit
for w > Wei is imaginary, and it is out of the figure because B/kN > 10 for
wci/wN < w/wN < 0.0050. Its shape is similar to that of QS . The second

root from coupling-of-modes theory is imaginary, and is given by =+j3.83
from w/uN = 0to u/wN = 0. 1. See (a).
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shown in Fig. XVI-11. For comparison we have also shown in Fig. XVI-11 the known
part of the exact dispersion diagram and the dispersion curve obtained under the quasi-
static approximation.

A study of these dispersion curves shows that by use of the coupled-mode theory we
significantly improve the quasi-static curve, and thus we obtain an extremely good
approximation to the exact solution. We should notice that the couplings are due to the
fact that the corresponding modes have longitudinal and/or transverse wave numbers
very close to each other. Note that the coupling between the TM10 and QSm modes
produces strong effects on the dispersion diagram for all frequencies. This is due to
the fact that the transverse wave numbers of these modes are identical for all frequen-
cies, even though the longitudinal wave numbers are close only near plasma resonance.

The coupling of modes will, however, introduce extraneous solutions. These arise
because (i) we have expanded the fields in a redundant (more than complete) set, and
(ii) we use only a few of the modes that appear to be coupled strongest. Thus in our
example, the approximate equation for the H-cutoffs1 has a solution at (u/wn) = 2.63.
This is a false cutoff,?' and hence the branch of B that starts from there must be dis-
regarded. In general, the extraneous branches of p can be detected, since we have a
means of obtaining the exact solutions at the cutoffs, near the resonances, and at very

low frequencies. &

4. MHD Regime Approximation

Very good approximations to the exact solution have been given for cutoffs, reso-
nances, and the very low frequency region (magnetohydrodynamic region).2 In our pre-
vious reportl we have shown that the coupled-mode theory provides results that are
almost identical to the approximations given by Bers for resonances and cutoffs.2 The
same holds true for the magnetohydrodynamic region, as we show below.

By taking into consideration the fact that for very low frequencies wz- 0 and
K, = = so that sz“ is finite, the dispersion equation (13) of our previous reportl
yields

2 2 2
Y =P kK, (10a)

K
2 1l 2 2
Y ER P T KKy (10b)
]
which are identical to the approximate expressions for the magnetohydrodynamic region
given by Bers.2
P. E. Serafim, A. Bers
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F. TURBULENT DIFFUSION ACROSS A MAGNETIC FIELD

1. Theory

It has been observed that the plasma columns generated by hollow-cathode arcs in
our laboratory, and by other mechanisms elsewhere, exhibit large spatial and temporal
fluctuations, and that the diffusion across the magnetic field often substantially exceeds
that predicted by quiescent diffusion theory. Besides the well-known short-circuit end
effect of "Simon" dii‘fusion,1 we must consider the effects of turbulent diffusion. In this
report we consider an elementary model of the process, and the experimental evidence
that supports it.

We presume that the plasma column has many unstable modes, whose origins we can-
not properly determine, and that the resulting turbulence leads to an axial shredding of
the plasma column, that is, density, potential, and so forth, are well correlated along
magnetic-field lines, but are poorly correlated across field lines; this has been observed
experimentally. These plasma strings move randomly at the stochastic J X §JBZ veloc-
ities across field lines.

A radial diffusion coefficient for these plasma strings can be conceptually defined

as
D=L V/3>. (1

Here, Lr is the radial distance that the string travels before a change in direction and
is associated with the radial correlation length for plasma fluctuations. The speed V is

V = |Eg/B|. (2)

From the magnitude of the fluctuating component ¢ of the plasma potential, we can obtain
the random azimuthal electric field

|E¢| = H’/Lel' (3)
Here, Ly is the distance over which it develops. Thus, apart from averaging coeffi-

cients of order one, we have
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D= (L |4|/3BLy). 4)

Equation 4 has the form of anomalous or "Bohm" diffusion.

We now argue heuristically that if there are many turbulent modes and none domi-
nates, the correlation lengths will all be the same. The plasma strings are of radial
size Lr; as they move and collide at random, they are polarized by their motion (or
vice versa). Hence the radial correlation lengths for density and potential will be the
same. The r versus © correlation equalities are less clear. But we propose that even
though the plasma rotates about the axis and may have a quasi-coherent rotating struc-
ture, the azimuthal motion does not of itself lead to radial diffusion. We presume (and
evidence similar to that given below tends to bear us out) that within these organized
motions, a 8-turbulence exists with approximately the same time and scale lengths.
From these considerations, we have

p= {|s|/3B), (5)

a result that can be checked by measuring fluctuating potential amplitudes, radial flows,
and radial mean-density gradients. Also, if correlations over a length L last a time t,

we can write

L = Et/b, (6)
and hence
L= <|¢|t/B>l/2, (7)

apart from factors of order one. Equation 5 can be expected to have validity in cases in
which the turbulent diffusion greatly exceeds the classical rate.

2. The Experiment

The hollow-cathode arc described in detail by Alvarez de ’I‘oledoz'3 was used. The
plasma column, =1.5 m long, ran down the lines of magnetic induction, through a mag-
netic mirror (mirror ratio, 2.5). Other parameter ranges were: arc current, 15-35 amp;
pressure, 10'4-1.5x10'3 Torr; midplane induction, 0.025-0.11 weber/mz. The plasma
column was bounded axially by insulating end plates; thus the radial and azimuthal
electric fields were not shorted out.

Plane and cylindrical Langmuir probes through ball joints, or on a sliding axial rail,
were used to measure ion saturation current (to obtain ion density), and to measure
floating potential. Occasional measurements of electron saturation current always cor-
related well with ion saturation current. Thus floating -potential fluctuations, which were
found to be uncorrelated with density except when organized rotation was present, were
assumed to indicate the fluctuating potential ¢.
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Fig. XVI-12. Net azimuthal ion current vs radial distance. Inset
shows the current profile at r = 4 cm from direc-
tions normal to some radius. Thus i(x0) are azi-
muthal currents and i(+z) are axial currents. Note
the approximate axial symmetry. Arc current,

20 amp; B = 0.105 weber/mz; p=13x 10”3 Torr.

To a first approximation, the mean azimuthal ion current can be measured with plane
Langmuir probes sensitive to the arrival of particles from the +8 directions. Then

eAT, = i,4(+0) - i,4(-9). (8)

Here, I‘9 is net azimuthal current density, A is the probe area, and i+s(19) are the
ion saturation currents with the probe oriented in each direction. With the probes ori-
ented, we observed an azimuthal flow comparable in magnitude to the radial current,
whose value is estimated below. The flow is in the E X B direction, with E pointing
toward the arc axis. Figure XVI-12 shows the net current for a typical case.

In some instances, data taken with two midplane probes at different azimuths showed
a spiral-like structure in the plasma, as in Fig. XVI-13. Simple turbulent diffusion
theory did not fit these cases.

In principle, the net radial current could be measured by examining i+s(ir), but a
probe with the required movements was not available. Thus the radial ion saturation

current density was measured at the wall, radius o the current density at radius r is
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(r_)r_/r), (9

lr(r) = 1!‘ w w

if no sources or sinks are present.
The electron temperature was measured and was found to decrease with radius, being
1-3 ev near the core, and 0.25-0.5 ev at r = 10 cm. Figure XVI-14 shows a temperature

WALL - GROUNDED

s LSS s,

i

ARC (-BIAS)

WALL - GROUNDED

Fig. XVI-13. Plasma spiral structure with rotational instability. The negative space-
charge front (—) and positive space-charge tail (+) are shown. Arc cur-

rent, 35 amps; B = 0.055 weber/mz; p=6x10 e Torr.

profile similar to those obtained by Rothleder.4 The profile remained similar for all
of our runs, except for the absolute ordinate scale. Therefore the same profile,

QPR No. 72 134



(XVI. PLASMA ELECTRONICS)

renormalized for each run at r = 4 ¢cm, was used for the subsequent calcu-

lations.
T k T [ T T 1
- N —
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N Fig. XVI-14.
z = ~ 1 Electron temperature as a function of
. S~ - radius. Arc current, 20 amps; B =
— _
| i 0.024 weber/mz; p=1x10 4 Torr.
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Fig. XVI-15.

Floating potential vs time. Vertical scale,
0.5 V/cm; horizontal scale, 200 psec/cm.
Probe at r = 6 cm. Arc current, 20 amps;

B = 0.024 weber/mz; p=1x 1074 Torr;
T_=0.5ev.

The fluctuating potential ¢, as a substitute for plasma potential, was photographed
on an oscilloscope. Figure XVI-15 shows a typical trace.

3. Results
The diffusion current is

T = -V(dn). (10)

Then, for the turbulent diffusion, we have a radial ion current density

r l[M' (11)

+r = " r 3B

eT_ 1/2
M= hs/C|2am | (e

where j+s is the saturation ion current density, m, is the ion (argon) mass, and

But

T is the electron temperature. Thus the net radial ion current (in amperes)
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should be given by

o.z7mi/2> o (<l
ar ’

i, =-
+r B
Tl/z

(13)

Figure XVI-16 shows the two sides of Eq. 13 plotted against radial distance. The points
are derived from the formula on the right-hand side of Eq. 13; all quantities are evaluated
experimentally at each point. The shaded region is obtained from the wall current and
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Fig. XVI-16. Net radial current vs radial position. Shaded
area, evaluation of left-hand side of Eq. 13;
points, evaluation of right-hand side of Eq. 13.

Arc current, 20 amps; B = 0.105 weber/mz;

p=13X 10_3 Torr; probe area, ~4 mmz.
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Eq. 9, and includes an experimental error estimate. If we take into consideration the
crudity of the theory and the experimental difficulty of measuring the various quantities
{particularly the fluctuating potential and its average), the agreement is tolerable. Clas-~
sical nonturbulent theory predicts radial currents approximately two orders of magnitude
smaller.

We can make a few additional remarks pertaining to the applicability of a stochastic
theory to the plasma motions. First, from visual inspection of simultaneous potential
or density fluctuation on different B lines, a rough estimate of the autocorrelation in
distance and time can be made. Equation 7 was found to be accurate within a factor of
~2. Also, the theory of Yoshikawa and Rose.5 for example, predicts that the density
fluctuations should represent almost 100 per cent modulation in cases for which <|¢|>

is comparable to kT_/e. Experimentally, this was observed to be the case.
F. Alvarez de Toledo, D. J. Rose
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RESEARCH OBJECTIVES AND SUMMARY OF RESEARCH
1. Magnetohydrodynamics

Our work in magnetohydrodynamics is broadly concerned with the interactions
between electromagnetic fields and electrically conducting fluids, particularly in those
situations to which a continuum fluid description is applicable. Both plasmas and liguid
metals are employed in the experimental aspects of our work and the development of
measurement techniques receives particular attention. An important extension of this
activity is the study of blood flow and related topics in biomedical engineering.

(a) Plasma Magnetohydrodynamics

The past year has been spent in improving the capabilities of the magnetic annular
shock tube for producing clearly defined quantities of shock-heated gas and for meas-
uring values of the physical quantities relevant to the experiments. These improve-
ments are based upon experience with the original version of the shock tube. In
particular, the following changes have been made:

(i) The duration and magnitude of the pre-ionization current have been increased to
improve initial gas breakdown.

(ii) The sinusoidal drive current has been replaced by a square pulse to reduce time-
variant effects.

(iii) All low-melting-point insulating materials have been removed, or covered with
Pyrex, to reduce ablation from the surface of these insulators.

(iv) Eight magnetic field coils have been inserted around the annulus to measure the
azimuthal distribution of drive current.

(v) A magnetic field coil has been provided to measure the variation of azimuthal
magnetic field with time at a fixed axial position.

*This work was supported in part by the U.S. Air Force (Aeronautical Systems
Division) under Contract AF33 (615)-1083 with the Air Force Aero Propulsion Labora-
tory, Wright-Patterson Air Force Base, Ohio; and in part by the National Science
Foundation (Grant G-24073).
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(vi) An electrostatic probe to complement the azimuthal magnetic field probe is being
designed.

Experiments have begun and the results of these changes should soon be known. These
experiments are particularly designed to test the azimuthal uniformity of the drive cur-
rent. The long-range goals of these experiments are still the improvement of this type
of shock tube and the careful investigation of magnetohydrodynamic shock waves.

A. H. Shapiro, W. H. Heiser, J. B. Heywood

(b) Mathematical Methods in Continuum Magnetohydrodynamics

This research is concerned with mathematical methods for the analysis of the inter-
actions occurring in magnetohydrodynamics. The present work has grown out of the
investigation of MHD channel flows; particularly out of the analytical and numerical tech-
niques that were used to obtain solutions to the nonlinear differential equation governing
the interaction of a traveling AC magnetic field with an MHD channel flow.

Our research concerns the application of techniques, such as perturbation expansions
and iterational and variational methods, to a variety of nonlinear continuum MHD prob-
lems. The purpose of this effort is twofold: first, to produce solutions to specific prob-
lems that are of practical interest; second, to obtain a better understanding of the broad
classes of problems to which these techniques are applicable. The analysis of the flow
of an electrically conducting fluid around a sphere with a dipole magnetic field is at pres-
ent being undertaken for the case in which the dipole axis is perpendicular to the direc-
tion of fluid flow.

J. P. Penhune
(c) Magnetohydrodynamic Wave Pheromena

One of our experiments is concerned with the excitation of Alfvén waves in a liquid
metal (- _.K alloy). Generation of these waves by using a current-sheet excitation has
been v.::.ied, and shown to be markedly superior to the mechanical methods used in
experiments reported previously. The systematic study of the excitation transmission,
attenuation, and reflection of these waves in the hydromagnetic waveguide continues.

A second waveguide study is concerned with MHD wave propagation in nonuniform
magnetic fields. NaK alloy again serves as the working fluid for the experimental part
of this investigation.

A theoretical study of MHD surface waves on fluids of finite electrical conductivity
is also being undertaken. An experimental study of some aspects of these waves has
recently been initiated, and will also use NaK as the working fluid.

W. D. Jackson, J. P. Penhune
(d) Magnetohydrodynamic Channel Flow and Turbulence

The flow characteristics of electrically conducting fluids in channels or ducts are
of interest in connection with many engineering applications of magnetohydrodynamics.
While these include both liquid and ionized gas flows, the use of liquid metals has advan-
tages for a considerable range of laboratory investigations.

A closed-loop flow facility has been constructed with NaK used as the working fluid.
This loop is being used for study of pressure drop versus flow-rate relations (including
those for MHD power-conversion devices), and the characteristics of turbulence in the
presence of magnetic fields.

The character of MHD turbulence is modified when a pronounced Hall effect occurs
in the flow. The characteristics of turbulence in this situation are being investigated,
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and work continues on the application of Norbert Wiener's "Calculus of Random
Functionals" to the study of turbulent-flow situations.

W. D. Jackson

(e) Local Fluid-Velocity Measurement in an Incompressible
Magnetohydrodynamic Flow

The behavior of different types of velocity probes is being investigated to develop
devices capable of measuring the local fluid velocity in an MHD flow for the case in
which the applied magnetic field is perpendicular to the fluid velocity. The develop-
ment of such probes will be important for experimental investigation of MHD flows,
particularly those associated with MHD power-generation schemes.

The behavior of a nonconducting Pitot tube is being investigated experimentally. Here
the J X B forces increase the pressure measured at the stagnation point above the usual
stagnation pressure. The velocity-pressure correlation has been determined experi-
mentally as a function of applied magnetic field for a probe with a flat front end perpen-
dicular to the axis of the tube. The effects of probe angle of attack and nose shape are
now being studied.

A miniaturized electromagnetic flowmeter is also receiving attention.

A feasibility study is being made to determine whether a hot-wire anemometer can
be constructed with sufficient sensitivity to be useful in the sodium-potassium eutectic
liquid-metal flow loop described in (d) above.

A. H. Shapiro, W. D. Jackson, R. S. Cooper, D. A. East
(f) Ionization Waves in Weakly Ionized Plasmas

During the past year, some further studies have been made on the nature of certain
macroscopic instabilities observed in the plasma of glow discharge tubes. The region
of tube operation in which the instability is incipient has been defined for several gases,
and the properties of shock-excited waves generated by external sources have been
thoroughly examined in these regions.

Further work is being done toward the development of a theory to describe the behav-
ior exhibited by the plasma in these experiments. Some new experiments are being per-
formed to find additional methods of exciting the observed ionization waves. The
interaction of the waves with internally generated sonic waves in the neutral gas is also
being investigated both experimentally and theoretically.

R. S. Cooper

(g) Blood-Flow Studies”™

Electrical methods are widely used in blood-flow measurement, and prominent
among the devices used is the magnetohydrodynamic or electromagnetic flowmeter.
Work reported under (e) above is being adapted for both mean and local blood-flow
measurement and magnetohydrodynamic, thermal, and ultrasonic techniques are at
present under investigation.

A second aspect of our blood-flow work is concerned with the application of engi-
neering methods to the study of the cardiovascular system. We are engaged in this
research jointly with Dr. Dexter and his associates at Peter Bent Brigham Hospital.
A study of the pressoreceptor system has recently been completed as a step in the

*This work is supported in part by the National Institutes of Health (Grant
No. 5 TI HE 5550-02).
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identification and analysis of the mechanisms responsible for the regulation of cardio-
vascular functions.

G. O. Barnett,* W. D. Jackson

2. Energy Conversion

Our studies include both magnetohydrodynamic and thermionic methods of generating
electrical power, and involve over-all system considerations, properties of working
fluids, and operating characteristics of conversion devices.

(a) Magnetohydrodynamic Power Generation with Liquid Metals

The generation of electrical power in space vehicles offers a potential application
for MHD generators to operate on a closed-cycle system in which a nuclear reactor is
the thermal-energy source. An important feature of an MHD system is the absence of
rotating parts, and, to utilize it, a working fluid is required with a sufficiently high elec-
trical conductivity at the temperatures involved. A scheme in which a liquid metal is
used as the working fluid in the MHD generator duct is under investigation. Kinetic
energy is imparted to this fiow by driving it with its own vapor in a condensing-ejector
system.

A cycle analysis has been completed and has revealed efficiencies that are suffi-
ciently attractive to warrant detailed investigation. During the coming year, the oper-
ation of condensing ejectors on alkali metals will be considered, the conductivity of
two-phase flows in the presence of magnetic fields will be measured, the study of
liquid-metal generator configurations will continue, and further cycle analysis will be
performed.

W. D. Jackson, G. A. Brown
(b) Magnetohydrodynamic Induction Generator
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